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ABSTRACT 
 
Viruses are pervasive evolutionary forces and key players shaping natural 
populations. Our understanding of viral impact on host physiology however, is based 
on a few model systems that represent a small fraction of the life-history strategies 
employed by hosts or viruses across the three domains of life. The factors that define 
these host-virus coevolutionary dynamics are not easily approached in complex 
natural systems. Microbes and the viruses that infect them provide a framework to 
study these coevolutionary interactions because evolution can be observed in real 
time in systems that are experimentally tractable. Acidic hot springs serve as a model 
system to study these interactions in natural populations because they provide low-
complexity and geographically isolated environments with a limited number of 
microbial hosts where viruses are the only known predator. Within these springs we 
find the hyperthermophilic crenarchaeon Sulfolobus islandicus which represents one 
of the few genetically tractable systems within the TACK (Thaumarchaeota, 
'Aigarchaeota', Crenarchaeota and Korarchaeota) archaea. In this dissertation I focus 
on broadening our understanding of host-virus interactions in this system.  
In Chapter 2 we investigate the impact of SSV9 (Sulfolobus spindle - shaped 
virus 9) challenge on CRISPR immune and CRISPR deficient S. islandicus hosts and 
demonstrate that CRISPR-Cas immunity is active in S. islandicus against a naturally 
occurring virus. Surprisingly, we uncovered that SSV9 induces a population-wide 
dormancy response at a low multiplicity of infection (MOI) from which only cultures 
with CRISPR immunity were able to recover. Dormancy was independent of 
productive infection since challenge with UV inactivated SSV9 particles caused 
cultures to go dormant. Further, continuous exposure to inactivated particles, 
mimicking the continuous production of SSV9 particles in CRISPR deficient cultures, 
resulted in cell death. In Chapter 3 we investigate the cost of CRISPR-Cas immunity 
and dormancy as compared to other virus resistance mechanisms by performing direct 
competitions in co-cultures of CRISPR immune and immune deficient resistant cells 
with and without SSV9 challenge. We established that under laboratory conditions, a  
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non-immune resistant mutant had a competitive advantage over CRISPR immune 
strains only when challenged with virus. 
In Chapters 4 and 5 we explore the diversity and distribution of viruses from 
two geographically isolated geothermal regions: Yellowstone National Park (USA) 
and Kamchatka (Russia) to understand whether differences between these two viral 
populations are important drivers of the evolutionary trajectories of local S. islandicus 
populations. We isolated, purified, sequenced and established in culture eight new 
SIRVs (Sulfolobus islandicus rod-shaped viruses) and two SSVs from Yellowstone 
National Park and eight new SSVs from Kamchatka, thus augmenting the number of 
crenarchaeal viruses in culture by 40%. In Chapter 4 we examine the diversity and 
biogeographic distribution of Sulfolobus spindle-shaped viruses and in Chapter 5 we 
perform, for the first time, comparative genomic analyses of SIRVs from 
Yellowstone National Park. Our findings highlight the importance of looking beyond 
the established model systems and examine natural variation in order to understand 
how viruses are driving host-virus coevolutionary dynamics in natural populations.  
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CHAPTER 1: INTRODUCTION 
 
Viruses that infect bacteria and archaea have shaped our understanding of 
biology since their independent discovery by British Pathologist Frederick Twort in 
1915 (Twort 1915) and French-Canadian Microbiologist Felix d’Herelle in 1917 
(D’Herelle 1917). In the 20th century viruses that infect bacteria, or bacteriophages as 
d’Herelle named them, were used by scientists to define the principles of molecular 
biology. For example, using bacteriophage T2, Alfred Hershey and Martha Chase 
confirmed that DNA was the hereditary material (Hershey and Chase 1952). Francis 
Crick and colleagues used bacteriophage T4 to determine the triplet nature of the 
genetic code (Crick et al. 1961). The study of these microbial viruses also led to the 
development of tools that have enabled biotechnology to flourish such as the isolation 
of Type II restriction enzymes (Smith and Welcox 1970) and T4 ligases (Weiss and 
Richardson 1967) that opened the possibility of recombinant DNA technology. The 
development of phage-derived tools such as vectors and polymerases were crucial for 
the success of the first whole genome sequencing project (Salmond and Fineran 
2015). More recently, the experimental demonstration of the CRISPR-Cas adaptive 
immune system (Barrangou et al. 2007) in bacteria and archaea led to the 
development of CRISPR-Cas9 genome editing tools (Doudna and Charpentier 2014) 
making it routine practice to edit the genome of any organism in laboratories around 
the world. 
In the 21st century however, viruses of microbes are no longer viewed only as 
the tools of molecular biology. Recent metagenomic studies (Mokili et al. 2012; 
Brum and Sullivan 2015; Reyes et al. 2012) have revealed that viruses in the 
environment are the most abundant, diverse and uncharacterized biological entities on 
the planet (Reyes et al. 2012). Viruses are beginning to be recognized as pervasive 
drivers of evolutionary processes and as key players in the environment.  Yet our 
understanding of how host-virus interactions are shaping natural populations is still 
limited to only a few model systems. 
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Diversity of the microbial world  
During the mid 20th century, as all the principles of molecular biology were 
being defined in the laboratory, one thing was being overlooked: the vast diversity of 
our planet’s microbial world. This would soon change when Carl Woese, using 16S 
ribosomal RNA, traced the evolutionary relationships between all living organisms 
and built the first coherent tree of life (Woese and Fox 1977). Woese not only 
discovered a new domain of life, the Archaea, but also provided the tool that would 
change the way that biological diversity on the planet was understood. Using a 
combination of the nascent molecular biology tools of the time such as PCR, which 
bypassed the need to culture microbes in order to characterize them, scientists started 
performing 16S rRNA surveys (Lane et al. 1985) of different environments and found 
microbial diversity to be astounding.  
Viruses on the other hand lack a marker gene that is shared among them such 
as the 16S rRNA in cellular organism (Edwards and Rohwer 2005). This limited 
surveys of viral diversity using PCR approaches to assess diversity among only very 
closely related viruses. With the development of genomics and metagenomics has 
come a second revolution in our understanding of biological diversity, but this time 
with respect to viruses, now recognized as the most diverse and abundant biological 
entities on the planet (Brum and Sullivan 2015; Mokili et al. 2012; Brum and 
Sullivan 2015).  
 
Host-virus interactions 
Viruses have been found in all ecosystems on Earth. From Antarctic lakes 
(López-Bueno et al. 2009) to the Namib desert (Adriaenssens et al. 2015), in the 
ocean (Brum and Sullivan 2015), in the human gut (Lim et al. 2015; Reyes et al. 
2012) and in acidic hot springs (Prangishvili 2013). Not only have viruses been found 
as free viral particles but also as proviruses, integrated in their host’s genome.  
Through horizontal gene transfer, viruses can introduce novel genes into a 
host, which can modify their physiology and fitness. In some instances, viruses carry 
genes that allow the host to expand its ecological niche. For example, in the 
bacterium Vibrio cholerae, infection by bacteriophage CTX (which carries the 
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cholera toxin genes ctxAB) turns this harmless microbe into a dangerous pathogen 
(Faruque and Mekalanos 2012).  In fact, the most important virulence factor in V. 
cholerae, which encodes for the toxin co-regulated pilus (TCP) that allows for the 
colonization in humans and also serves as a receptor for phage CTX, is also likely 
horizontally acquired perhaps via a bacteriophage (Faruque and Mekalanos 2012). 
Many different bacterial species including Escherichia coli, Corynebacterium 
diphtheriae, Clostridium botulinum, Staphylococcus aureus, Streptococcus pyogenes, 
and Salmonella enterica serovar Typhimurium have acquired or increased their 
pathogenic capabilities through bacteriophages (Brüssow, Canchaya, and Hardt 
2004). 
This phenomenon is not exclusive to the microbial world. In mammals, the 
evolutionary innovation that allowed for the transition from egg-laying to placental 
mammals was driven by viruses. A protein called syncytin which is essential for the 
formation of the syncytiotrophoblast, a single layer of fused cells at the materno-fetal 
interface, is derived from the envelope protein (env) of an endogenous retrovirus (Mi 
et al. 2000). Genomic data suggests that syncytin was acquired at least six 
independent times in different mammalian lineages (Dupressoir et al. 2012).  
Viruses not only exert their effect as vehicles of gene transfer. Mortality 
though viral predation has a significant ecological impact on the world’s major 
ecosystems. Viruses have been shown to be responsible for between 10 to 40% of the 
total bacterial mortality in the oceans and thus have a profound effect on 
biogeochemical cycles by facilitating the recycling of organic matter back into marine 
food webs (Rohwer and Thurber 2009; Danovaro et al. 2011; Suttle 2007). Viral 
predation can affect every level of the food chain. In East African Rift Valley lakes, 
the flamingo species Phoeniconaias minor is on top of a short food chain (Peduzzi et 
al. 2014). For many years scientists were puzzled by the tremendous fluctuation of 
the flamingo populations in these lakes and failed to find any correlations with 
geochemical parameters. Recently, research has revealed that increased phage 
predation on the flamingo’s main food source, the cyanobaterium Arthrospira 
fusiformis, ultimately leads to a dramatic reduction of the flamingo population 
(Peduzzi et al. 2014). 
	   4	  
Through pathogenicity or predation viruses exert tremendous selective 
pressure on their hosts. This antagonistic coevolutionary arms race drives the host to 
evolve new resistance mechanisms to virus infection while the virus evolves 
mechanisms to counteract the hosts’ defenses (Koskella and Brockhurst 2014; Labrie 
et al. 2010; Wiedenheft 2013). This is reflected in the complex, innate and adaptive 
immune systems in all domains of life. 
 
CRISPR-Cas adaptive immune system 
Microbes have evolved an arsenal of antiviral defense mechanisms that 
include mechanisms that prevent virus adsorption (i.e. blocking phage receptors, 
production of exopolysaccharides or of competitive inhibitors), that prevent viral 
DNA entry into the cell (i.e. sie systems), that cut viral nucleic acids (i.e. restriction-
modification systems), or abortive infection and toxin-antitoxin systems (Labrie et al. 
2010; Wiedenheft 2013). 
In recent years, the discovery of the sequence-specific CRISPR-Cas adaptive 
immune system has added a new dimension to the understanding of virus-host 
interactions in microbial systems. Since the experimental demonstration of in vivo 
CRISPR immunity against viruses in Streptococcus thermophilus (Barrangou et al. 
2007) and plasmids in Staphylococcus epidermidis (Marraffini and Sontheimer 2008) 
the mechanisms for CRISPR-Cas  immunity have been extensively studied and have 
revealed that in some bacteria this system may be playing roles beyond immunity 
such as gene regulation and virulence (Sampson and Weiss 2014; Louwen et al. 
2014).  
Due to their highly diverse and complex nature, CRISPR-Cas systems in 
bacteria and archaea have been re-classified based on the phylogeny of the most 
common cas genes, the gene content and architecture of the CRISPR-Cas loci and the 
sequence and organization of the CRISPR repeats into two main classes: Class I 
which has multi-subunit effector complexes (Types I, III and IV) and Class 2 where a 
single protein is responsible for interference (Types II and IV)  
(Makarova et al. 2015). Bacteria display Class 1 and Class 2 CRISPR-Cas systems, 
whereas Archaea have only Class I (Type I and III) systems (Westra et al. 2012; 
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Terns and Terns 2011; Shah and Garrett 2010; Garrett, Shiraz et al. 2011; Garrett, 
Vestergaard et al. 2011; Makarova et al. 2015).  
CRISPR-Cas genomic modules are composed of repeat-spacer arrays, where 
“spacers” (short sequences matching foreign genetic elements such as viruses and 
plasmids) are flanked by cas genes (Figure 1.1). CRISPR-Cas immunity acts in three 
stages: acquisition, expression and interference (Horvath and Barrangou 2010;  
Makarova et al. 2011; Westra et al. 2012; Terns and Terns 2011) (Figure 1.1). During 
acquisition, a “protospacer” or fragment of foreign DNA, is added generally to the 
leader proximal end of the CRISPR repeat-spacer array (Marraffini and Sontheimer 
2008; Barrangou et al. 2007; Swarts et al. 2012; Yosef x 2012; Erdmann and Garrett 
2012).  This process is accomplished by a complex of the nucleases Cas1 and Cas2 
(the only two proteins that are conserved among all CRISPR-Cas systems) (Makarova 
et al. 2015). Although both proteins display nuclease activity, it has been 
demonstrated in E.coli that in order for acquisition to occur, Cas1 and Cas2 must be 
in a complex.  Acquisition will still occur even if the catalytic activity of Cas2 has 
been disrupted (Nuñez et al. 2014). It has recently been shown that in some Type III 
systems, Cas1 is naturally fused to a reverse transcriptase that allows for the 
acquisition of spacers directly from RNA sequences (Silas et al. 2016) expanding the 
range of foreign invaders that CRISPR-Cas immunity can target to RNA viruses. 
During expression (and processing), CRISPR loci are transcribed from the 
leader into a precursor crRNA, which is subsequently processed into short crRNAs by 
different nucleases such as Cas6 in Type I and Type III CRISPR-Cas systems or 
RNase III in Type II systems (Tang et al. 2002; Brouns et al. 2008; Lillestøl et al. 
2009; Hale et al. 2008; Hatoum-Aslan et al. 2011). Finally, during interference, 
crRNAs complementary to invading sequences guide one or several Cas proteins to 
degrade the invading nucleic acids (Brouns et al. 2008; Lintner et al. 2011; Jore et al. 
2011; Wiedenheft et al. 2011; Hale et al. 2009) (Figure 1.1).  
By inserting small DNA fragments that match foreign invading elements such 
as viruses into their own genomes, CRISPRs act as a historical record of past 
interactions, allowing us to link different viruses to their hosts. CRISPRs thus offer a 
unique approach to study host-virus coevolutionary interactions in natural microbial 
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populations. The majority of genomes have between 11 and 50 spacers but some 
genomes have over to 500 spacers (Pourcel and Drevet 2013). These CRISPR loci 
can diversify very quickly in the laboratory (Barrangou et al. 2007) and mathematical 
models have shown how this CRISPR mediated host-virus coevolution can lead to 
rapid diversification and the coexistence of multiple immune profiles that are equally 
fit in a microbial population (Childs et al. 2014). 
 
Sulfolobus islandicus: A model system  
Almost 40 years after their discovery, our understanding of archaea (Woese 
and Fox 1977) and their place on the tree of life continues to grow. Until recently, 
archaea were thought to encompass only organisms that thrive in extreme 
environments such as acidic hot springs and salt brines. 16S rRNA surveys and, more 
recently, metagenomics have revealed that mesophilic archaea are ubiquitous in 
natural environments. They have been found in soil (Leininger et al. 2006), in the 
oceans (Wuchter et al. 2006) and in the human microbiome (Horz 2015) and are now 
understood to play key roles in carbon and nitrogen cycles (Pester et al. 2011) 
representing the most abundant ammonia oxidizers in soil ecosystems (Leininger et 
al. 2006). 
Furthermore, archaea represent an important piece in the evolutionary puzzle 
that is the emergence of the eukaryotic cell. With nearly 500 archaeal sequenced 
genomes available in NCBI, high-resolution phylogenetic analyses to resolve the 
deepest nodes of the archaeal phylogeny (Brochier-Armanet et al. 2011; Raymann, et 
al. 2015) together with metagenomic data (Spang et al. 2015) support the 
evolutionary relatedness of the archaeal TACK superphylum (Thaumarchaeota, 
'Aigarchaeota', Crenarchaeota and Korarchaeota)  and eukaryotes.   
The hyperthermophilic crenarchaeon Sulfolobus islandicus is a model system 
to study the physiology, ecology and evolution of the TACK superphylum. S. 
islandicus represents one of the few genetically tractable systems within the TACK 
archaea. Moreover, S. islandicus populations are distributed globally and have been 
shown to have a biogeographic structure using MLST markers (Whitaker et al. 2003) 
and whole genome sequences (Reno et al. 2009). This provides replicate island 
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populations to study the ecological and evolutionary processes governing this species 
in nature. 
Research on viruses that infect hypethermophilic crenarchaea thriving in 
acidic hot springs has revealed abundant (Breitbart et al. 2004) and highly diverse 
viral communities (Snyder et al. 2007; Rice et al. 2001; Rachel et al. 2002). Although 
viral isolates that infect archaea are significantly underrepresented (there are 
approximately 100 archaeal virus isolates compared to over 6000 bacteriophage 
isolates), they are morphologically more diverse than bacterial viruses (Pietilä et al. 
2014). Beyond their highly diverse and unique morphotypes, to date isolated 
crenarchaeal viruses harbor mostly dsDNA genomes and display novel protein 
structures and exceptional ways of interacting with their hosts (Prangishvili 2013; 
Zillig et al. 1993; Zillig et al. 1996).  
These viruses have been classified into ten different families, three of which 
have members that are known to infect Sulfolobus islandicus (Prangishvili 2013). 
Among these are SSVs (Sulfolobus spindle-shaped viruses) (Schleper et al. 1992). 
SSVs are viruses with an overall spindle-shaped morphology, either tail-less or tailed, 
which have been taxonomically assigned to the viral family Fuselloviridae. SSVs 
carry dsDNA circular genomes of approximately 15 kb and can site-specifically 
integrate into a host’s tRNA gene (Wiedenheft et al. 2004). SIRVs (Sulfolobus 
islandicus rod-shaped viruses) belong to the Rudiviridae family, have nonenveloped 
rigid virions and linear dsDNA genomes of approximately 35 kb (Prangishvili et al. 
1999) and encode for the virus-associated pyramids that constitute a unique virus 
release mechanism only found in archaea (Bize et al. 2009; Brumfield et al. 2009). 
Sulfolobus sp. constitute an ideal system to study host-virus interactions. At 
present, CRISPR-Cas systems have been found in all sequenced Sulfolobus strains 
and have experimentally been demonstrated to target mobile genetic elements. S. 
solfataricus and S. islandicus strains with the Type I and Type III CRISPR systems 
have been shown to confer DNA targeting activity against engineered plasmids and 
plasmid constructs harboring protospacers matching Sulfolobus viruses 
(Gudbergsdottir et al. 2011; Manica et al. 2011; Peng et al. 2013). Furthermore, 
signatures of host-virus interactions recorded in the CRISPR repeat spacer arrays of 
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S. islandicus genomes from Russia and North America suggest that there is an 
ongoing coevolutionary arms race with local viral populations (Held and Whitaker 
2009). 
Overview of Dissertation 
 
In this dissertation I focus on broadening our understanding of host-virus 
interactions in the hypethermophilic crenarchaeon Sulfolobus islandicus. Although 
CRISPR immunity has been characterized in wild S. islandicus isolates (Held et al. 
2010; Held and Whitaker 2009) and shown to target engineered plasmids harboring 
sequences matching viruses, CRISPR immunity had not been demonstrated against a 
naturally occurring virus. In Chapter 2 we investigate the impact of SSV9 (Sulfolobus 
spindle - shaped virus 9) challenge on the CRISPR immune host S. islandicus 
RJW002. First we demonstrate that when challenged, S.islandicus RJW002 cultures 
with a spacer match to SSV9 are able to clear the infection. If CRISPR immunity is 
abolished by deleting the spacer matching the virus or the cas genes necessary for 
crRNA processing or interference, then cultures become susceptible to infection. 
Surprisingly, we uncovered that SSV9 induces a population-wide dormancy response 
at a low multiplicity of infection (MOI) from which only cultures with CRISPR 
immunity against the virus recover. This phenomenon appears to be independent of 
productive infection as UV inactivated SSV9 will cause the same dormancy 
phenotype and continuous exposure to inactivated particles, even in immune strains, 
leads to cell death. 
After establishing that CRISPR-Cas immunity is active in S. islandicus, we 
investigate the cost of CRISPR-Cas immunity as compared to other virus resistance 
mechanisms in Chapter 3. First we evolved a resistant strain from a susceptible 
ancestor where CRISPR-Cas immunity had been inactivated.  We characterized the 
resistant strain and found a 6 kb deletion of the chromosome which we recreated in 
the immune deficient ancestor background and confirmed to confer resistance to 
SSV9. This strain was also resistant to the dormancy phenotype that had been 
observed in CRISPR immune strains. Finally we performed competitions of CRISPR 
immune and resistant cells with and without SSV9 challenge to establish that under 
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laboratory conditions, this resistant mutant had a competitive advantage over CRISPR 
immune strains only when challenged with virus. 
S. islandicus provides spatially structured populations (Reno et al. 2009) 
which make it an ideal system to study host-virus coevolutionary dynamics within a 
spatial context. We were interested in investigating the diversity and distribution of 
viruses from two geographically isolated geothermal regions: Yellowstone National 
Park (USA) and Kamchatka (Russia) to understand whether differences between 
these two viral populations are important drivers of the evolutionary trajectories of 
local S. islandicus populations.  For this purpose we screened over 100 environmental 
samples collected from these two locations for viruses on a panel of diverse S. 
islandicus hosts and subsequently purified them. 
In Chapter 4 we examine the diversity and distribution of Sulfolobus spindle-
shaped viruses in Yellowstone National Park and Kamchatka. Although the 
biogeographic distribution of SSVs has been previously established (Held and 
Whitaker 2009) this dataset only included one representative from Kamchatka and 
three from Yellowstone National Park. Two of the three SSVs were proviruses found 
integrated in S. islandicus genomes. Here we present six novel SSV isolates from 
Kamchatka and two from Yellowstone National Park and while we establish a 
biogeographic pattern for the core genomes, we find no biogeographic distribution of 
the variable genome. 
Finally, in Chapter 5, we perform, for the first time, comparative genomic 
analyses of SIRVs (Sulfolobus islandicus rod-shaped viruses) from Yellowstone 
National Park. We isolate and characterize eight new SIRVs from Yellowstone and 
compare them with the two previously reported isolates SIRV1 and SIRV2 from 
Iceland. We establish that like SSVs, SIRVs have a biogeographic distribution of the 
core genome both using the phylogeny of concatenated core genes but also by 
examining the record of host-virus interactions recorded in the CRISPR repeat spacer 
arrays from S. islandicus strains from around the globe. Unlike SSVs, SIRVs variable 
gene content also supports this biogeographic distribution. We were not able to 
recover any SIRVs from the Kamchatka samples, which together with the lack of  
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significant matches to SIRVs in Kamchatka spacers, support the observation that 
SIRVs are not prevalent predators in the Kamchatka acidic hot spring ecosystem. 
 With this work we have augmented the total number of crenarchaeal virus 
isolates by 40%, all of which have been sequenced and established in culture in a 
genetically tractable system of diverse S. islandicus strains that will be the basis for 
future studies. Furthermore, by studying the interaction of S.islandicus with the local 
virus SSV9, we uncovered a novel virus-induced response adding a new dimension of 
complexity to the way host-virus interactions in microbes are understood. These 
studies highlight the importance of looking beyond the established model systems and 
examining natural variation in order to understand how viruses are driving host-virus 
coevolutionary dynamics in natural populations. 
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Figures 
 
Figure 1.1 Overview of the bacterial and archaeal CRISPR-Cas adaptive immune system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   12	  
CHAPTER 2: VIRUS-INDUCED DORMANCY IN THE 
ARCHAEON SULFOLOBUS ISLANDICUS 1 
 
Abstract 
 
We investigated the interaction between Sulfolobus spindle-shaped virus 
(SSV9) and its native archaeal host Sulfolobus islandicus. We show that upon 
exposure to SSV9, S. islandicus RJW002 has a significant growth delay where the 
majority of cells are dormant (viable but not growing) for 24 to 48 hours post 
infection (hpi) compared to the growth of controls without virus. We demonstrate that 
in this system, dormancy (i) is induced by both active and inactive virus particles at a 
low multiplicity of infection (MOI), (ii) is reversible in strains with active CRISPR-
Cas immunity that prevents the establishment of productive infections, and (iii) 
results in dramatic and rapid host death if virus persists in the culture even at low 
levels. Our results add a new dimension to evolutionary models of virus-host 
interactions, showing that the mere presence of a virus induces host cell stasis and 
death independent of infection. This novel, highly sensitive, and risky bet-hedging 
antiviral response must be integrated into models of virus-host interactions in this 
system so that the true ecological impact of viruses can be predicted and understood. 
 
Importance 
 Viruses of microbes play key roles in microbial ecology, however our 
understanding of viral impact on host physiology is based on a few model bacteria 
that represent a small fraction of the life-history strategies employed by hosts or 
viruses across the three domains that encompass the microbial world. We have 
demonstrated that rare and even inactive viruses induce dormancy in the model 
archaeon S. islandicus. Similar viral-induced dormancy strategies in other microbial 
systems may help to explain several confounding observations in other systems,  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 This chapter appeared in its entirety in mBio and is referred to later in this dissertation as “Bautista et al. 2015”. 
Bautista, Maria A., Changyi Zhang, and Rachel J. Whitaker. 2015. “Virus-Induced Dormancy in the Archaeon 
Sulfolobus islandicus.” mBio 6 (2): e02565–14. doi:10.1128/mBio.02565-14. This article is reprinted with the 
permission of the publisher and is available from: http://mbio.asm.org/content/6/2/e02565-14.short. 
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including the surprising abundance of dormant cell types found in many microbial 
environments, the difficulty of culturing microorganisms in the laboratory, and the 
paradoxical virus-to-host abundances that do not match model predictions. A more 
accurate grasp of virus-host interactions will expand our understanding of the impact 
of viruses in microbial ecology.  
 
Introduction 
 
To date, models of coevolutionary dynamics between microbes and their 
viruses have been based primarily on tradeoffs between resistance and competitive 
fitness resulting from modification of cell surface receptors measured in a few model 
bacteria (Winter et al. 2010). Dynamics of the coevolutionary arms race have been 
demonstrated through experimental evolution and characterized at a molecular level 
(Weitz, Hartman, and Levin 2005). Together, empirical data and theoretical models 
predict that variation in this tradeoff between resistance in the presence of virus and 
competitive fitness without the result in the generation and maintenance of diversity 
in microbial populations (Våge, Storesund, and Thingstad 2013a; Koskella and 
Brockhurst 2014) and may result in the majority of microbial cells exhibiting low 
activity due to resource limitation imposed as a tradeoff with resistance (Thingstad et 
al. 2014). However, whether these coevolutionary dynamics apply to the diversity of 
interactions between microbes and viruses across the three domains of life is not 
known. A broader understanding of microbe-virus interactions in model systems is 
needed in order to accurately infer the impact that viruses have on microbial ecology 
(Rohwer, Prangishvili, and Lindell 2009; Suttle 2007; Mojica and Brussaard 2014; 
Danovaro et al. 2011).  
To augment our view of microbe-virus interactions occurring in natural 
systems, we examined the interaction between the double-stranded (dsDNA) 
fusellovirus Sulfolobus spindle-shaped virus 9 (SSV9) (formerly Sulfolobus spindle-
shaped virus Kamchatka-1) (Wiedenheft et al. 2004) and its crenarchaeal host 
Sulfolobus islandicus RJW002 (Zhang and Whitaker 2012). SSV9 was isolated from 
the Valley of the Geysers in Kamchatka, Russia, from an infected S. islandicus host 
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(strain GV.10.6) (Table 2.1). SSVs belong to the Fuselloviridae family, have dsDNA 
genomes and can integrate site specifically into a host tRNA (Redder et al. 2009). 
Two SSVs have been studied in detail, SSV1 and SSV2, isolated from Japan and 
Iceland, respectively, from different Sulfolobus hosts (Schleper, Kubo, and Zillig 
1992; Frols et al. 2007; Contursi et al. 2006; Ren, She, and Huang 2013), and neither 
of these has been shown to cause cell death in the nonnative host strain Sulfolobus 
solfataricus (Schleper, Kubo, and Zillig 1992; Contursi et al. 2006).  
S. islandicus (Zillig et al. 1993) is a model system for investigating 
coevolutionary dynamics because it is becoming increasingly genetically tractable (L. 
Guo et al. 2011; C. Zhang, Krause, and Whitaker 2013) and natural variation of 
strains has been well-characterized over time and space (Reno et al. 2009; Held et al. 
2010; Whitaker et al. 2003). S. islandicus, like most Archaea, maintains a CRISPR-
Cas immune system through which it targets and degrades invading genetic elements 
guided by specific DNA spacer sequences in the CRISPR repeat-spacer arrays within 
its genome (Barrangou et al. 2007). S. islandicus strains have Type I and Type III 
CRISPR-Cas immune systems (Makarova et al. 2011; Held et al. 2010; Garrett et al. 
2011) and two or more CRISPR repeat-spacer arrays containing, on average, 180 
spacers per individual (Held and Whitaker 2009; Held, Herrera, and Whitaker 2013). 
In a population of S. islandicus cells from Kamchatka, Russia (Held et al. 2010; Held 
and Whitaker 2009), many of these spacers match to sequenced SSVs (Held and 
Whitaker 2009) suggesting frequent interactions with these viruses in nature and a 
selective benefit for cells to have immunity to viruses. Strain RJW002 has a single 
100% CRISPR spacer match to SSV9, with an associated protospacer-associated 
motif (PAM) (Luciano A. Marraffini and Sontheimer 2010; Manica et al. 2013). 
Here, we investigate the impact of SSV9 on the growth and survival of S. 
islandicus RJW002 isolated from Kamchatka, Russia (Table 2.1). Using a low 
multiplicity of infection (MOI), we uncover the fact that SSV9 induces a population-
wide dormancy response from which only cultures with CRISPR immunity against 
the virus recover.  
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Materials and Methods 
 
Strains and growth conditions  
 Escherichia coli was grown on Luria–Bertani medium at 37 °C. Ampicillin 
(100 µg/ml) was added to the medium when needed. All S. islandicus strains were 
grown in dextrin-tryptone (DT) medium or DT medium supplemented with 20 µg/ml 
uracil (DTU) at pH 3.5 and incubated at 75 to 78 oC in tissue culture flasks (Falcon; 
BD, United States) without shaking (Whitaker et al. 2003). For solid medium, 
prewarmed 2 x DT or 2 x DTU supplemented with 20 mM MgSO4 and 7 mM 
CaCl2.2H2O was mixed with an equal volume of fresh, boiling 1.8 % gelrite and then 
immediately poured into petri dishes. 
 
Strain construction  
 E. coli Top10 (Invitrogen) was used for molecular cloning. A cloning vector, 
pRJW2 (Ling Deng et al. 2009) (Table 2.2) carrying a pyrEF expression cassette 
from S. solfataricus strain P2 was employed to construct gene knockout plasmids. 
Knockout plasmids of cas1, cas3’+3’’, cas6, A1, and A2 for markerless gene 
deletion were constructed via a plasmid integration and segregation method (PIS) 
(Ling Deng et al. 2009). Briefly, approximately 0.8 to 1.1 kb of the upstream and 
downstream flanking regions (Up- arm or Dn-arm) of each gene were amplified from 
S. islandicus M.16.4 (Reno et al. 2009) (Table 2.1), using the primer sets listed in 
Table 2.3 (Integrated DNA Technologies). The Up-arm and Dn-arm were introduced 
using MluI/PstI and PstI/SalI, respectively (New England Biolabs). The MluI-PstI-
digested Up-arm and PstI-SalI-digested Dn-arm were inserted into pRJW2 at MluI 
and SalI sites by a triple ligation, generating knockout plasmid pPIS-Cas1, Cas3’+3’’, 
-Cas6, -A1 and -A2 respectively (Table 2.2). Plasmid DNA from E. coli was purified 
with QIAprep spin miniprep kit. PCR was performed using Phusion High-Fidelity 
DNA Polymerase (Thermo Scientific), and standard methods were used for general 
DNA cloning.  
 Knockout plasmids were transformed into S. islandicus RJW002 (Reno et al. 
2009) via electroporation as previously described (Ling Deng et al. 2009), with the 
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following modifications. To enrich for transformation, cells were incubated in 20 ml 
DT medium for two to three weeks and then spread on DT solid medium plates for 
another 10 days of incubation. Positive transformants were identified, purified and 
then used for counterselection on DTU plates containing 5-fluoroorotic acid (5-FOA).  
 
Genome resequencing  
 Genomic DNA of S. islandicus was extracted as previously described 
(Whitaker, Grogan, and Taylor 2003b). Genomic libraries were prepared for the 
immune-deficient mutants (Δcas3’+3”, Δcas6, and ΔA1 strains) and the RJW002 
ancestor using the NexteraXT kit (Illumina) following the manufacturer’s 
instructions. Libraries were pooled and sequenced using MiSeq version 2.5 by the W. 
M. Keck Center for Comparative and Functional Genomics at University of Illinois at 
Urbana-Champaign. Mutations were identified by comparing reads from RJW002, 
Δcas3, ΔA1 and Δcas6 mutants to the genome of the wild-type ancestor S. islandicus 
M.16.4 using Breseq (Deatherage and Barrick 2014) with default parameters. All 
alignments were manually inspected. The ΔA1, Δcas3, and Δcas6 strains show 
between 1 and 5 independent mutations at synonymous or noncoding positions 
unrelated to CRISPR immunity in addition to the engineered deletions (Table 2.4). 
The ∆cas6 mutant yielded only two mutations other than the deletion of the cas6 gene 
compared to its ancestor RJW002 (Table 2.4). One of these mutations is silent, and 
the other is a base substitution in the gene adjacent to cas6, casX (Figure 2.3A). 
Although we cannot verify that the deletion of ∆cas6 is alone responsible for the 
phenotype observed, the ∆cas6 strain is a bona fide CRISPR deletion mutant since the 
only mutations that distinguish it from its immune ancestor are in cas genes.  
 
Virus preparation and quantification 
 To obtain SSV9, GV.10.6 (Table 2.1) was grown in 300 ml of DT medium in 
375-cm2 culture flasks (BD Falcon) at 78oC until early stationary phase. Cultures 
were filtered through 0.22-µm pulyethersulfone (PES) membrane filters (Millipore) 
to remove cells, and virus-containing filtrates were concentrated 10-fold using Spin-X 
columns (molecular weight cutoff, 30,000;Corning Inc.) and stored at 4 oC until used. 
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Virus filtrates were incubated with fresh liquid DT medium to ensure that there was 
no cell contamination. To determine viral titers, 100 µl of each dilution (100, 10-1, and 
10-2) was mixed with 500 µl of mid-log 10-times- concentrated S. islandicus strain 
Y08.82.36 (Table 2.1), a highly susceptible Sulfolobus islandicus host isolated from 
Yellowstone National Park. Cells mixed with virus dilutions were plated on overlays 
of sucrose-yeast (SY) medium containing 0.1 % yeast extract and 0.2 % sucrose as 
previously described (Schleper, Kubo, and Zillig 1992) and incubated at 78 °C for 48 
h. Dilutions were performed and plated in triplicate for each sample. SSV9 genome 
copy number was determined by qPCR using primers SSV9F/SSV9R (Table 2. 3) 
that are designed to amplify a 138-bp section of the VP1 coat protein; 3 pmol of each 
primer was added to 5 µl of SsoFast EvaGreen Supermix (BIO-RAD) and 0.5 µl of 
sample, and the volume was adjusted to 10 µl with PCR-grade water. Three technical 
replicates were performed per sample in each 96-well plate. The reaction was carried 
out using a Realplex (Eppendorf) thermocycler with the following protocol: 98 °C for 
2 min, then 40 cycles of 98 °C for 5 s followed by 60 °C for 20 s, and a final melt 
analysis ramping from 65 to 95 °C. The standard curve was generated using a known 
amount of plasmid containing the target sequence. 
 
Calculation of SSV9 adsorption constant  
 Two milliliters of an ~10,000 PFU/ml stock of SSV9 were added to each of 
three tubes. Amounts of 8.3 x 108 cells of RJW002 or Sulfolobus acidocaldarius DSM 
649 (Brock et al. 1972), a host that does not adsorb SSV9, were added to two of the 
tubes containing SSV9. The third tube did not have cells added and served as a 
control to assay for viral decay. Samples were collected before cells were added and 
0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 120 and 300 min after cell addition. Samples were 
centrifuged at maximum speed (15,000 x g) for 5 minutes and the supernatant was 
collected. To determine unabsorbed SSV9 particles, 200 µl of a 10-1 dilution of the 
supernatant was mixed with 500 µl of mid-log-phase 10-times-concentrated S. 
islandicus Y08.82.36. Cells mixed with virus dilutions were plated on overlays of SY 
medium and incubated at 78 °C for 48 h. Dilutions were performed and plated in 
triplicate. Three independent experiments were performed. The SSV9 adsorption 
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constant on RJW002 was calculated as previously described (Clokie and Kropinski 
2009) using the formula k= [(2.3/ (B X t)]log (Po/P) where k is the adsorption 
constant (ml/min), B is the concentration of cells (cells/ml), t is the time interval in 
which the titer falls from Po to P (min), Po is the original titer, P is the final titer.  
 
SSV9 challenge experiments  
 S. islandicus RJW002 and all CRISPR-Cas deletion mutants (Table 2.1) were 
grown until mid-log phase (optical density at 600 nm [OD600nm ] between 0.08 and 
0.15). Amounts of ~ 5.0 x 109 cells were spun down for 15 min at 4000 X g, and the 
supernatant was discarded. Cells were resuspended in 3 ml of DTU liquid medium. 
Two milliliters of the concentrated cell suspension were challenged with virus filtrate 
adjusted with DT (if necessary) to a final multiplicity of infection (MOI) of ~0.01 in a 
final volume of 40 ml. The MOI was calculated based on the titer obtained on S. 
islandicus Y08.82.36. This MOI would be equivalent to ~0.1 if qPCR quantification 
was used instead. The remaining 1 ml of concentrated cell suspension was mixed with 
the equivalent volume of DTU without virus as a control. Uracil was added to the 
virus filtrate to a final concentration of 20 µg/ml prior to mixing. The mixtures were 
shaken at 60 rpm for 5h at 78°C. Following virus challenge, the cells were washed 
twice with DTU to reduce background quantification of unadsorbed virus. Cell pellets 
of cultures challenged with virus were resuspended in 140 ml of DTU that was split 
into two 75-cm2 tissue culture flasks and incubated at 78 °C without shaking. 
Controls were resuspended in 70 ml of DTU. Cell growth was measured by OD600 for 
all strains, and SSV9 abundance was measured by qPCR to quantify virus in the 
entire culture and by measuring PFU/ml in culture supernatants. To measure PFU/ml, 
800 µl of each infected culture was transferred to a 1.5-ml tube and spun down at 
9400 X g for 5 min. Supernatants were carefully transferred to a new tube to avoid 
disrupting the pellets, and viral titers were determined on S. islandicus Y08.82.36 as 
described above. To determine viable counts, experiments were set up as described 
above for RJW002 and the Δcas6 mutant. At each sampling time point, cultures were 
plated on DTU plates with overlays as follows: 200-µl of 10-3, 10-4, 10-5, and 10-6 
dilutions were added to tubes containing 10 ml of a mixture of equal parts of 
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prewarmed 2 x DTU and 0.8% gelrite, mixed, poured immediately onto warm DTU 
plates, and incubated for 10 to14 days at 78 oC. Dilutions were performed and plated 
in triplicate for each sample. At least three independent experiments were performed. 
 
Challenge with UV-inactivated SSV9  
 SSV9 filtrates were UV irradiated in open petri dishes with 1 J/cm2 of energy 
using a CL-1000 UV crosslinker (UVP, Inc.). Approximately 3.33 X 109 cells of mid-
log-phase (OD600 between 0.08 and 0.15) S. islandicus RJW002 and Δcas6 mutant 
were spun down for 15 min at 4, 000 X g and the supernatant was discarded. Cells 
were resuspended in 4 ml of DTU liquid medium. One milliliter of the concentrated 
cell suspension was challenged with 20 ml of UV-irradiated SSV9 (adjusted to an 
MOI 0.01 before inactivation). In control (no virus) cultures, 1 ml of the concentrated 
cell suspension was treated with 20 ml of RJW002 spent medium irradiated with the 
same dosage of UV. Uracil was added to the UV-irradiated virus filtrate/spent 
medium to a final concentration of 20 µg/ml prior to mixing. The mixtures were 
shaken at 60 rpm for 5h at 78 °C, after which the cells were washed twice with DTU. 
One hundred-microliters amounts of all irradiated SSV9 filtrates were mixed and 
plated with 500 µl of 10 X mid-log-phase cells of the titering host S. islandicus 
Y08.82.36 as described above to make sure no infectious particles remained after UV 
treatment. For the continuous challenge with UV-inactivated particles, cells were 
challenged as described above but 5 h after initial addition of UV-inactivated SSV9, 
cells were not washed but adjusted to a final volume of 70 ml. At 18 and 24 h, 20 ml 
of each culture was removed and spun down for 15 min at 4000 X g. Supernatants 
were discarded and the pellet was resuspended in 20 ml of freshly UV-irradiated 
SSV9 and added back into the flask. Cell growth was measured by OD600 at 72 hpi. 
Ten-microliter amounts of serially diluted cultures (100 to 10-5) were spotted onto 
DTU plates and incubated for 7 days at 78 h. Ten-microliter amounts of culture 
supernatants of cultures collected at 12, 24, 48 and 72 hpi were spotted onto lawns of 
S. islandicus Y08.82.36 to verify the virus had not established a productive infection 
in these cultures. Three independent replicates were performed.   
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Transmission electron microscopy 
 Cells from RJW002 and Δcas6 strain liquid infections were collected at 12, 
24, 48, and 72 hpi by low-speed centrifugation. The cells were perfused with 
Karnovsky's fixative in phosphate-buffered (pH 7.2) 2% glutaraldehyde and 2.5% 
paraformaldehyde solution and stored at 4˚C until processed. Samples were processed 
and visualized at the Frederick Seitz Materials Research Laboratory Central Research 
Facilities, University of Illinois at Urbana-Champaign, as follows. Microwave 
fixation was used with this primary fixative. Cells were then washed in cacodylate 
buffer with no further additives. Microwave fixation was also used with the 
secondary 2% osmium tetroxide fixative, followed by the addition of 3% potassium 
ferricyanide for 30 min. After washing with water, saturated uranyl acetate was added 
for en bloc staining. The sample was dehydrated in a series of increasing 
concentrations of ethanol. Acetonitrile was used as the transition fluid between 
ethanol and the epoxy. The infiltration series was done with an epoxy mixture using 
the Epon substitute Lx112. The resulting blocks were polymerized at 90oC overnight 
and trimmed, and ultrathin sections were cut with diamond knives. The sections were 
stained with uranyl acetate and lead citrate, examined and photographed with a 
Hitachi H600 transmission electron microscope.  
 
Enumeration of dormant cells 
 Thin sections of control (no-virus) and SSV9-infected cells prepared for TEM 
were viewed under low magnification (X5,000) (Figure 2.8), and cell types were 
counted at each time point. At least 200 cells were counted at each time point from 
two independent experiments and assigned to the following categories: (i) empty or 
(ii) full. 
 
Results 
 
We began by identifying the effect of SSV9 on the growth of RJW002 in 
liquid cultures over time. The virus was added to RJW002 cultures for 5 h at an MOI 
calculated as 0.01 (by enumerating PFU), or 0.1 viral genomes/cell (using 
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quantitative PCR [qPCR]) before unadsorbed virus was washed away and cells 
resuspended in virus-free media. Surprisingly, as shown by the results in Figure 2.1a, 
the addition of SSV9 at this low MOI to liquid cultures of RJW002 elicited a 
significant 24- to 48- h growth delay compared to the growth of controls without 
virus. We observed a very low adsorption constant in these cultures of approximately 
8.39 x 10-11 ml/min (Figure 2.2). This low adsorption constant suggests that either 
binding of SSV9 is reversible, signaling virus presence but not resulting in virus 
uptake or injection, or S. islandicus cells have very few receptors for binding SSV9 
and this binding induces signaling of viral presence from the 1% of infected host cells 
to others in the culture. Regardless of the mechanism, under these conditions, the very 
low abundance of virus particles can affect a large population of host cells.  
To test for cell viability during this population wide-growth delay, we 
removed RJW002 cells from the flask after initial viral challenge and plated them on 
solid medium. The results in Figure 2.1b show that RJW002 cells challenged with 
SSV9 were viable but not growing, with a constant colony count from 12 to 24 hours 
post infection (hpi), in contrast to the virus-free controls, which underwent two 
doubling events. These data indicate that challenge of RJW002 with SSV9 induced a 
population-wide stasis or dormancy response, where the majority of cells are viable 
but not actively growing. Visualized by transmission electron microscopy (TEM) at 
24 hpi, approximately 95% of RJW002 cells challenged with SSV9 appeared devoid 
of cellular contents and exhibit a spherical morphology, suggesting possible 
disruption of membrane integrity (Figure 2.1c). Although the number of empty cells 
increased dramatically from 40% to 95% (Figure 2.1d), between 12 hpi and 24 hpi, 
the colony counts on plates (CFU/ml) (Figure 2.1b) remained constant, demonstrating 
that these empty, dormant cells are able to recover and grow.  
The genome of S. islandicus strain RJW002 has a single 100% match to SSV9 
in the A1 repeat-spacer array (Figure 2.3c). We hypothesized that CRISPR-Cas 
immunity functioned to prevent the virus from establishing a productive infection, 
allowing the removal of the virus from culture and the rapid recovery of dormant S. 
islandicus cells. To test this hypothesis we constructed in-frame deletion mutations of 
CRISPR-Cas components essential for CRISPR RNA processing and interference and 
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of several components involved in other aspects of the CRISPR-Cas system (van der 
Oost et al. 2014a) as controls (Table 2.1). Virus quantification after viral challenge 
showed that no infectious particles were produced in RJW002 or the ΔA2 and Δcas1 
mutants (controls whose deletions are predicted not to disrupt CRISPR immunity 
against SSV9) (Figure 2.3b). SSV9 DNA was below the limit of detection by qPCR 
after 48 hpi (Figure 2.4a) and decreased at a rate similar to the rate at which the virus 
degrades in controls without cells added (Figure 2.4b and 2.4c). In contrast, in 
cultures of mutants that had deletions of the spacer match against SSV9 (∆A1 mutant) 
or CRISPR components involved in CRISPR RNA (crRNA) processing (∆cas6 
mutant) or interference (∆cas3’ + 3” mutant, in which the helicase domain known as 
Cas3’ is fused with a nucleus domain known as Cas3”[van der Oost et al. 2014b]), 
newly produced infectious SSV9 particles were observed to increase by more than 2 
orders of magnitude by 24 hpi (Figure 2.3b; Figure 2.4a) and were maintained at a 
constant ratio (3 x 103 per ml ± 1x103 [average ± standard deviation]) of 
approximately 0.01 infectious particles to cell. Whether new viral particles infect and 
replicate in dormant cells (Pearl et al. 2008) or a small subset of non-dormant host 
cells is not known. The fact that under these conditions, immune-deficient cells 
produced SSV9 while those with immunity did not supports our hypothesis that the 
Type 1A CRISPR-Cas system acts to prevent viral replication, allowing the virus to 
be eliminated from the culture and permitting host recovery. 
The growth of immune-deficient strains (∆cas6, ∆cas3’ + 3”, and ∆A1 
mutants) in liquid culture when challenged with SSV9 showed a very different 
trajectory than the growth of strains with immunity, with no significant increase in 
optical density (OD) for immune-deficient strains during the course of the experiment 
(Figure 2.3; Figure 2.5). In contrast to the immune strain RJW002, ∆cas6 mutant 
colony counts decreased dramatically upon challenge with SSV9, such that only 1% 
of the cells were viable by 24 hours (Figure 2.6a). TEMs show that by 24 hpi, 80% of 
immune-deficient (∆cas6) cultures had the same empty phenotype as RJW002 by 24 
hpi (Figure 2.6b) but they did not recover over the course of the experiment (Figure 
2.6c). Even in cells that were shown to be inviable, lysis (broken cells) was not 
observed (Figure 2.6b). This may explain the constant, non-decreasing OD observed 
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in liquid cultures. These results demonstrate that challenge of immune-deficient cells 
with SSV9 even at a low MOI of 0.01 resulted in dramatic cell death instead of 
recovery.  
We hypothesized that death in these cultures resulted from a prolonged 
antiviral dormancy response induced by the continuous presence of SSV9 in immune-
deficient cultures where the virus was produced. We tested this hypothesis by 
inactivating SSV9 with UV and observing the response of cultures when challenged 
with inactivated particles. As shown in Figure 2.7, challenge with virus particles that 
have been inactivated by UV irradiation result in the dormancy-recovery phenotype 
observed in RJW002. The same response was observed in the ∆cas6 strain, where 
there was no virus production (Figure 2.7a). We then subjected both strains to 
repeated addition of inactivated viral particles (Figure 2.7b and 2.7c) and found that 
in both immune and nonimmune strains, prolonged exposure by addition of UV-
inactivated viruses resulted in extensive cell death, and no colonies were recovered on 
solid medium from samples collected at 72 hpi (Figure 2.7c). These results 
demonstrated that prolonged virus-induced host cell dormancy could lead to cell 
death with no viral replication or lysis.  
 
Discussion 
 
We have shown that in the archaeon S. islandicus, exposure to the virus SSV9 
induces cell dormancy and death. The population-wide effect of dormancy occurs 
even when viruses are rare or inactivated, indicating that it is an antiviral response 
that is independent of infection. The risky, bet-hedging strategy of dormancy is 
reversible, allowing host cells to recover and grow normally when virus particles are 
prevented from productive infection by CRISPR-Cas immunity. 
Dormancy has been demonstrated in many nonmicrobial systems (Tessier and 
Cáceres 2004; Cáceres and Tessier 2003) as a bet-hedging strategy in the face of 
environmental variation and predation (Tessier and Cáceres 2004) and in 
microorganisms challenged by other stresses (Lennon and Jones 2011). In these 
systems, the cost of remaining active (for example, selective predation of active 
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individuals) allows the evolution of potentially costly bet-hedging strategies of 
dormancy (Olofsson, Ripa, and Jonzén 2009; Othmer 1997). By analogy, it is likely 
that if dormancy protects against infection with highly virulent lytic viruses known to 
exist in this system (Prangishvili 2013), it may be an adaptive antiviral strategy.  
It is also possible that dormancy serves to facilitate immunity or other 
mechanisms of viral targeting. Recently, based on the conserved genomic association 
between CRISPR-Cas loci and putative toxin-antitoxin (TA) systems, Makarova et al. 
predicted that cells armed with CRISPRs should respond to the stress imposed by 
viral infection by going into a dormant state (viable but not growing), induced by TA 
systems while the cell is mounting an immune response (K. S. Makarova et al. 2012). 
The predicted function of dormancy is to allow cells to acquire new CRISPR spacers 
before the virus is able to complete its life cycle. Although no novel spacer 
acquisition was observed in this system, this may result from an insertion within the 
putative regulator of spacer acquisition csa3 (Nathanael G. Lintner et al. 2011). The 
molecular mechanism of dormancy and its consequence for CRISPR-spacer 
acquisition is yet to be determined. 
This infection-independent induction of host cell response appears to be 
distinct from the few well characterized bacterial abortive infection systems which 
cause cell death through mechanisms that are triggered by virus replication, 
transcription, or translation (Labrie et al. 2010). It remains to be determined whether 
the mechanism of dormancy in this system is host or virus associated or whether the 
mechanism is triggered by binding of SSV9 to the host or by some factor (e.g., host- 
or virus-derived proteins) packaged within the viral particles. It has been observed in 
mammalian cell cultures that host derived proteins packaged within viral particles of 
Sindbis virus can modulate the production of type I interferon upon challenged with 
inactivated particles (Sokoloski et al. 2013). 
Rapid advances in molecular techniques have allowed high-throughput 
analysis of the vast diversity of uncultivable but ecologically important microbial 
virus and host abundance over time and space (Duhaime et al. 2012; Deng et al. 
2014; Sullivan et al. 2003; Suttle and Chan 1994; Pagarete et al. 2013; Sharon et al. 
2011). Theoretical models are rapidly developing to explain these patterns (Weitz et 
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al. 2005; Thingstad et al. 2014; Childs et al. 2012) in order to relate phage-host 
dynamics to ecologically important factors, such as nutrient cycling in the ocean 
(Parsons et al. 2012) or the human microbiome (Dutilh et al. 2014). Recent models of 
virus-host interactions predict that the majority of microorganisms in natural 
populations will have low activity due to the high cost of viral resistance, while 
abundant viruses will predominate in rare, highly active taxa (Våge et al. 2013). This 
prediction has been used to explain the relative virus-to-host ratio observed through 
culture-independent techniques (Suttle 2007) and is supported by the widespread 
observation of dormant cells in a diversity of environments (Lennon and Jones 2011). 
Here, we have shown that dormancy itself is an antiviral strategy in this archaeal 
system, as well as the dramatic impact rare or inactivated viruses may have on a 
population of host cells even without infecting them. Could mechanisms like this 
explain the predominance of dormancy in many microbial ecosystems (Lewis 2007)? 
Could dormancy induced by the presence of viruses in inoculum contribute to the 
difficulty of cultivating diverse microorganisms in culture? This type of antiviral 
response and others must be integrated into models of virus-host interactions before 
observations of relative virus-host abundances and their impacts on the ecology of 
natural systems can be well understood.  
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Figures 
 
 
Figure 2.1 SSV9 induces dormancy in S. islandicus RJW002. (A) Results of three independent 
experiments showing growth of SSV9-challenged cultures. Samples were collected following a 5-
h incubation with SSV9, after which cells were washed twice to remove any unadsorbed virus. 
Solid lines represent the average results from at least two technical replicates within each 
experiment. Error bars show ± 1 standard deviation (SD). (B) Viable counts of RJW002 cultures 
with and without SSV9 challenge. Bars and error bars show mean results ± 1 SD (n = 3). (C) Cell 
morphology changes associated with SSV9 challenge in RJW002. Scale bar, 1 µm. (D) 
Percentages of empty cells observed by TEM in RJW002 cultures with and without SSV9 
challenge. At least 200 cells were counted at each time point in two independent experiments.  
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Figure 2.2 Adsorption dynamics of SSV9 on RJW002. Decrease of free SSV9 infectious particles 
in the media after addition of host RJW002, non-host Sulfolobus acidocaldarius and virus alone. 
Dashed line indicates values used for the final titer in the adsorption rate constant calculation. 
Error bars, mean ± 1 s.d. (n = 3). 
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Figure 2.3 CRISPR-Cas immunity allows cultures to clear virus and recover from dormancy. (A) 
Schematic representation of the CRISPR-Cas locus in S. islandicus RJW002. Genes involved in 
type IA CRISPR-Cas immunity are colored to indicate putative function (green, spacer 
acquisition; pink, crRNA processing; yellow, interference). The third leadermost spacer in the A1 
locus matches SSV9 with 100% identity and has a conserved protospacer-associated motif 
(PAM). In-frame deletions of the A1 and A2 repeat-spacer arrays and cas genes constructed for 
this study are denoted by asterisks. Light grey bar indicates insertion present in putative 
transcriptional regulator csa3. (B). Quantification of newly synthesized SSV9 infectious particles 
in RJW002 and CRISPR-Cas deletion mutants after 5-h challenge followed by washing of 
unadsorbed particles. Lines inside grey boxes indicate that no signal was detected at that time 
point. Lines and error bars show mean results ± 1 SD. (n = 3). (C) Results of the representative 
experiment showing growth of SSV9-challenged cultures of CRISPR-Cas mutants. Solid lines 
represent the average results of at least two technical replicates. Error bars show mean ± 1 SD.  
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Figure 2.4 SSV9 can replicate in CRISPR-Cas deficient cultures but infection is cleared in 
immune cultures. (A) SSV9 genome abundance was determined by qPCR of infected cultures. (B) 
Virus decay measured by infectious particles and (C) SSV9 genome abundance of flasks with no 
cells added. Dashed lines indicate detection limit of each technique. Data points below this line 
denote that no signal was detected. Error bars show mean ± 1 SD (n = 3). 
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Figure 2.5 Challenge of CRISPR-immune cultures with SSV9 induces dormancy. Two additional 
independent experiments showing growth of SSV9 challenged cultures. Solid lines represent the 
average of at least two technical replicates within each experiment. Error bars show mean ± 1 SD. 
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Figure 2.6 Challenge of CRISPR-deficient cultures with SSV9 induces cell death. (A) Viable 
counts of Δcas6 cultures with and without SSV9 challenge. Bars and error bars show mean ± 1 
SD (n = 3). (B) Cell morphology changes associated with SSV9 challenge in Δcas6. Scale bar, 1 
µm. (C) Percentage of empty cells observed by TEM in Δcas6 cultures with and without SSV9 
challenge. At least 200 cells were counted at each time point in two independent experiments.   
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Figure 2.7 Prolonged dormancy due to continuous virus presence causes cells to die. Results 
show growth of immune (RJW002) and immune-deficient (∆cas6) cultures challenged with a 
single dose of UV-inactivated SSV9 (added once and washed out after 5 h) (A), three consecutive 
doses of UV-inactivated SSV9 (added at 0, as well as 18 and 24h [arrows]) (B), or UV-irradiated 
RJW002 supernatant as a no-virus control (A and B). Lines and error bars show mean results ± 1 
SD (n = 3). (C) Representative image showing growth of RJW002 and ∆cas6 cultures sampled at 
72 hpi. One asterisk indicates one dose was added, and two asterisks indicates three doses were 
added. 
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Figure 2.8 Dormant cells are observed in immune and immune-deficient cultures after challenge 
with SSV9. (A) Dormant (empty) cells are observed in cultures of RJW002 and ∆cas6 mutant in 
the first 48 hpi, but RJW002 cultures recover by 72 hpi. (B) Representative low magnification 
images of SSV9 challenged RJW002 and ∆cas6 at 48 hpi where the majority of cells look 
dormant (empty). 
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Tables  
 
Table 2.1 Sulfolobus islandicus strains used in this study.  
 
 
 
Table 2.2 Plasmids and viruses used in this study.  
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Table 2.3 Primers used in this study. 
 
a Added restriction sites are underlined. 
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Table 2.4 Unique mutations present in the immune deficient (ΔA1, Δcas3 and Δcas6) strains.  
 
Gray boxes denote genes or loci that were intended for deletion. 
 
Bolded font denotes non-synonymous mutations or deletions and duplications in coding regions. 
CR – Mutation within the CRISPR-Cas region of the chromosome including the Type I and Type III 
systems in RJW002. This region spans positions 823,400 - 872,588 of the Sulfolobus islandicus 
M.16.4 chromosome. 
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CHAPTER 3: CRISPR-CAS IMMUNITY VS. RESISTANCE 
AGAINST VIRUSES IN SULFOLOBUS ISLANDICUS 
 
Abstract 
 
 
Sulfolobus islandicus has many strategies for defense against virus infection. 
We demonstrate that variation in response to virus challenge exists within a single 
population.  To further investigate the diversity of these strategies and the relative 
fitness of Sulfolobus islandicus strains in response to virus challenge, we have 
isolated a CRISPR immune deficient strain (ΔA1.F6) that is resistant to Sulfolobus 
spindle-shaped virus 9 (SSV9). This mutant strain has a 6068 bp deletion that we 
have demonstrated is responsible for the resistance phenotype. This region is present 
in all S. islandicus and S. solfataricus strains but not in the other Sulfolobus species.  
In culture, the ΔA1.F6 strain showed the same growth kinetics as the wild type strain 
and did not exhibit measurable dormancy, growth delay or morphological changes 
when challenged with SSV9.  Here we examine the relative cost of immunity to 
resistance is our experimental system. Through direct competitions we show that the 
ΔA1.F6 strain has a competitive advantage over the CRISPR immune cells when 
challenged with SSV9 in co-culture. Our results add a new dimension (the cost of 
immunity) to the classical infection-resistance dichotomy that we suggest can alter 
the course of virus-microbe coevolution.  
 
Introduction 
 
Microbes have been shown to use a diverse array of mechanisms to resist viral 
infection. These include mechanisms that prevent phage adsorption (i.e. blocking 
phage receptors, production of extracellular exopolysaccharides, production of 
competitive inhibitors), prevent phage DNA entry into the host cells (i.e. sie systems), 
cut phage nucleic acids once inside the cell (i.e. restriction-modification systems, 
CRISPR-Cas systems) and abortive infection systems (i.e. toxin-antitoxin systems) 
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(Labrie et al. 2010; Wiedenheft 2013). The relative prevalence of these systems in a 
population will relate to their relative costs and benefits to microbial and viral fitness. 
Theory predicts that diversity is maintained in a population where there are 
trade-offs associated to resistance (Lenski 1988; Våge et al. 2013; Winter et al. 
2010). This has been observed experimentally in several bacterial systems (Buckling 
and Rainey 2002; Bohannan and Lenski 2000; Lennon et al. 2007). The fitness cost 
associated with resistance will depend on the resistance mechanism. For the majority 
of the microbial host-virus systems studied to date, the cost of resistance to viral 
infection generally results from mutations in the cell surface of the microbe which 
impairs virus attachment and/or entry (Bohannan and Lenski 2000; Inoue et al. 
Tanaka 1995; Labrie et al. 2010). This limits the rates of uptake of certain resources 
which in turn limits host growth (Bohannan et al. 1999) and thus represents a fitness 
cost.   
CRISPR systems have been found in 50 % of bacterial genomes, 87 % of 
archaeal genomes (Makarova et al. 2015) and in all sequenced S. islandicus genomes 
suggesting that this system plays an important role in host-virus interactions. 
Although some studies have focused on studying the cost of harboring CRISPR 
systems in the context of preventing horizontal gene transfer via plasmids in bacteria 
(Levin 2010; Jiang et al. 2013), the relative cost of having CRISPR-Cas immunity 
compared to other virus resistance mechanisms has not been studied in detail. 
To investigate the cost of CRISPR immunity in microbes, we use the 
crenarchaeal host Sulfolobus islandicus and the fusellovirus Sulfolobus spindle-
shaped virus 9 (SSV9) (Wiedenheft et al. 2004) as a model system. In examining the 
susceptibility patterns of a single population of Sulfolobus islandicus (Cadillo-Quiroz 
et al. 2012) to SSV9 (Wiedenheft et al. 2004) we demonstrate that there are variable 
responses to infection with SSV9 within a population, such as susceptibility, 
CRISPR-immunity and resistance. In Chapter 2 we demonstrated that CRISPR 
immune cells are able to clear the infection but enter a transient, dormant state. In this 
Chapter we investigate how dormancy represents a significant fitness cost to the host 
relative to alternative resistance mechanisms. 
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Materials and Methods 
 
Strains and growth conditions  
Strain G.V.10.6 (the host harboring the SSV9 provirus), the susceptible 
titering host Y.08.82.36 and 12 S. islandicus host strains from spring M16 in 
Kamchatka, Russia (M.16.23, M.16.30, M.16.40, M.16.47, M.16.02, M.16.04, 
M.16.13, M.16.27, M.16.46, M.16.12, M.16.22, M.16.43) (Whitaker et al. 2003; 
Cadillo-Quiroz et al. 2012a; Reno et al. 2009) were grown in dextrin tryptone (DT) 
medium at pH 3.5 (Whitaker et al. 2003) and incubated at 75 to78 oC as previously 
described (Bautista et al. 2015). CRISPR immune strains RJW002 (M.16.04 ΔpyrEF) 
(Zhang and Whitaker 2012) and RJW003 (M.16.04 ΔpyrEF ΔlacS), immune deficient 
strains Δcas6 (M.16.04 ΔpyrEF Δcas6) and ΔA1 (M.16.04 ΔpyrEF ΔA1) (Bautista et 
al. 2015) and SSV9 resistant strains (ΔA1.F6 and Δ6068) were grown in DT medium 
supplemented with 20 µg/ml uracil.  When required, 50 µg/ml 5-FOA were added to 
the medium. E. coli Top10 (Invitrogen) was used for molecular cloning and grown on 
Luria–Bertani medium at 37 oC. Ampicillin (100 µg/ml) was added to the medium, 
when needed.  
 
Genomic DNA sequencing  
Genomic ΔA1.F6 strain DNA was extracted as previously described 
(Whitaker et al. 2003). Genomic libraries were prepared for sequencing using the 
NexteraXT kit (Illumina) following the manufacturer’s instructions. Libraries were 
pooled and sequenced using paired-end MiSeq version 2.5 by the W. M. Keck Center 
for Comparative and Functional Genomics at the University of Illinois at Urbana-
Champaign. Mutations in resistant mutant ΔA1.F6 were identified by comparing 
reads from ΔA1.F6 to the genome of the wild-type ancestor S. islandicus M.16.4 
using Breseq (Deatherage and Barrick 2014) with default parameters. 
 
Spot-on-lawn assays  
SSV9 was harvested from liquid cultures of G.V10.6 grown in 300 ml of DT 
medium in 375 cm2 culture flasks (BD Falcon) at 78 oC until early stationary phase 
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when viral production was induced (data not shown). Cultures were filtered through 
0.22 µm PES membrane filters (Millipore) to remove cells, and virus containing 
filtrates were concentrated 10-fold using spin-X columns (molecular weight cutoff, 
30,000; Corning Inc.) and stored at 4 oC until used. Virus filtrates were incubated 
with fresh liquid DT medium to ensure that there was no cell contamination. S. 
islandicus host strains were grown in DT liquid until mid-log phase (optical density at 
600 nm [OD600nm ] between 0.08 and 0.15). To generate confluent lawns, 
approximately 7.41x108 cells from each culture were concentrated using low speed 
centrifugation, resuspended in 500 µl of DT medium and plated on overlays 
containing 0.1 % yeast extract and 0.2 % sucrose as previously described (Schleper et 
al. 1992). Ten microliters of the SSV9 cell-free virus filtrate were spotted on each 
lawn and incubated at 75 to 78 oC for 48 h. All experiments were performed in 
triplicate. To evaluate the susceptibility to a panel of viruses of resistant strain 
ΔA1.F6 and recreated resistant strain Δ6068 as compared to CRISPR immune 
deficient  (ΔA1, Δcas6) and CRISPR immune (RJW002) strains, spot-on-lawn tests 
were performed with an assortment of SIRVs (Chapter 5) and SSVs (Chapter 4) as 
described above. 
 
SSV9 quantification and time course infections 
SSV9 was titered using standard plaque assays and qPCR as described in 
Chapter 2 (Bautista et al. 2015). Strains were challenged at a final multiplicity of 
infection (MOI) of 0.01 to 0.02 for 5 h and subsequently washed as described in 
Chapter 2 (Bautista et al. 2015). Sample aliquots from both infected and control 
cultures were collected at 5 hours post-infection (hpi) right after cells were washed, at 
12 h and every 24 h for up to 10 days.  
 
Viability of SSV9 infected cultures  
To determine the number of viable cells in SSV9 challenged and control 
cultures, samples were taken at different times post infection. Two hundred 
microliters of 10-3, 10-4, 10-5 and 10-6 dilutions were added to tubes containing 10 ml 
of an equal part mixture of pre-warmed 2 x DT supplemented with 20 mM MgSO4, 7 
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mM CaCl2., 20 µg/ml uracil and fresh boiling 0.8 % Gelrite and then immediately 
poured onto DT plates supplemented with 20 µg/ml uracil. Plates were incubated for 
10 days at 78oC. Dilutions were performed and plated in triplicate for each sample.  
 
Isolation of resistant colonies 
Colonies obtained from susceptible cultures Δcas6 and ΔA1 10 days post 
infection with SSV9 were picked into 96-well plates with liquid DT medium 
supplemented with 20 µg/ml uracil and incubated for 3 to 5 days at 78 oC. Colonies 
were screened for SSV9 using SSV9 specific primes (SSV9F 5'-
GTGAAGCGACCAACATAGGTGCAA-3' and SSV9R 5'-
GTTGCGTTTGTACCGGTTACGCTA-3') (Bautista et al. 2015) and 16S (23F 5′-
TGCAGAYCTGGTYGATYCTGCC-3′ (Burggraf et al. 1991) and 1492R 5′-
TACGGYTACCTTGTTACGACTT-3′ (Stackebrandt and Goodfellow 1991) as a 
control for amplification. Colonies that amplified both for 16S and SSV9 were scored 
as infected and colonies that amplified for 16S but that did not amplify for SSV9 
were scored as resistant and selected for further screening. Resistant candidates 
derived from the ΔA1 ancestor were screened with primers targeting the leader end of 
the A2 repeat-spacer array (AB2f 5’-CTAGTTGCTTCCATTAAGTC GCTC-3’ and 
AB2r 5’-TCCCG GGTTTAGTAGGGAGTGAAA-3’ (Held et al. 2010) and end 
sequenced to check for possible spacer addition in the A2 locus. Candidate resistant 
colonies were challenged with SSV9, and OD and samples were taken for SSV9 
quantification as described above. 
  
Recreation of the 6068 bp deletion 
A strain recreating the 6068 bp deletion found in ΔA1.F6 and thought to be 
responsible for the observed SSV9 resistance phenotype was constructed as follows: 
upstream and downstream flanking regions of 6068 (L-arm, R-arm) were inserted into 
cloning vector pRJW2 by a triple ligation, generating the 6068 KO vector pPIS-6068. 
Primers 6068 L-For (5'-AAAACGCGTTAAGACCAGAAGTTTCCCTAAC-3' 
(MluI)), 6068L-Rev (5'-CGGGGTACCATGGTATACAATACGTTGTTACTACT- 
3'  (KpnI)), 6068 R-For (5'-CGGGGTACCTATACTACGAGACATAGATATAGG 
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CT-3' (KpnI)) and 6068 R-Rev (5'-AAGCGTCGACATCCTCACTCCTTAAAGCA 
AC-3' (SalI)) were used. Restriction sites for the enzymes denoted in parentheses for 
each primer are underlined. pPIS-6068 was transformed into the immune deficient 
strain ΔA1 via electroporation. PyrEF+ cells were enriched in liquid medium without 
uracil, and then spread onto uracil-dropout plate medium as previously described 
(Zhang et al. 2013). Single colonies were isolated and then underwent 5-FOA 
counter-selection. The 6068 deletion was verified with primers 6068 FlankP-For (5'-
AAAGTGAATAGGA AAGTGAGCA-3') and 6068 FlankP-Rev (5'-GAATCAT 
ACT TTAGACCAAGAGGA-3'). 
 
Competition assays  
A marked CRISPR immune strain RJW003 (M.16.04 ΔpyrEF ΔlacS) was 
competed against the resistant mutant ΔA1.F6 or immune deficient strains (ΔA1 and 
Δcas6) by performing liquid infections in co-cultures of the strains in a 1:1 ratio with 
and without SSV9 challenge using the same protocol as described above. Samples for 
OD measurements, SSV9 quantification and colony cell counts were collected at the 
time of mixing, before the addition of virus and, at different times post-infection. For 
transfer experiments 1:5 dilutions were performed every other day into 56 ml of fresh 
medium. OD was monitored before every transfer and samples for virus 
quantification and cell counts were collected every third transfer. Serial dilutions for 
viable cell counts were performed in DT liquid medium supplemented with 20 µg/ml 
uracil. Two hundred microliters of 10-3, 10-4, 10-5 and 10-6 dilutions were added to 
tubes containing 10 ml of an equal part mixture of pre-warmed 2 x DT supplemented 
with 20 mM MgSO4, 7 mM CaCl2, 20 µg/ml uracil and fresh boiling 0.8 % Gelrite 
and immediately poured onto plates. Dilutions were performed and plated in triplicate 
for each sample. Plates were incubated for 10 days at 78 oC. For Xgal staining, 2 ml 
of a 2 mg/ml solution were added to each plate and incubated between 1to 2 hours at 
78 o C.  
Selection rates (r) were calculated as the difference between the realized 
Malthusian parameter of RJW003 (mI) and ΔA1.F6 (mR) or Δcas6 (mS) after 72 h of 
direct competition. Relative fitness (W) was calculated as the ratio of their 
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Malthusian parameters instead of the difference. Malthusian parameters were 
calculated as follows: mI  = ln[CFU/ml of RJW003 (72 hpi)/ CFU/ml of 
RJW003(Before)] /72 h , mR = ln[CFU/ml of ΔA1.F6 (72 hpi)/ CFU/ml of ΔA1.F6 
(Before)]/72 h and mS = ln[CFU/ml of Δcas6 (72 hpi)/ CFU/ml of Δcas6 
(Before)]/72 h (Lenski 1998).  Spot-on-lawn tests of co-culture supernatant on 
Y08.82.36 were used to test whether virus was present during competitions.  
 
Transmission electron microscopy 
Thin sections of control and SSV9 challenged cultures of the resistant mutant 
ΔA1.F6 cells were prepared for TEM as described in Chapter 2 (Bautista et al. 2015). 
 
Results 
 
Spot-on-lawn tests were performed to investigate the susceptibility of 12 
different S. islandicus hosts from a single hot spring in Kamchatka to the virus SSV9. 
Three different infection phenotypes were observed (Table 3.1, Figure 3.1): i) 
susceptible (S), where clearing of the lawn was observed, ii) transient (T) where 
transient growth inhibition/dormancy but no clearing of the lawn was observed, and 
iii) resistance (R) where no distinguishable phenotype was observed. As shown in 
Table 3.1, three out of the four strains that displayed the transient (T) phenotype each 
had a different 100% match to SSV9 (Figure 3.2) and all of them had a protospacer 
associated motif (PAM) thought to be important for CRISPR interference in some 
systems. In contrast, none of the strains that were sensitive to SSV9 had perfect 
spacer matches or a corresponding PAM (Table 3.1). These results suggest that 
CRISPR-Cas immunity might be involved in the transient plaque phenotype 
observed.  Of the strains displaying the resistant phenotype, two had an integrated 
SSV provirus in their genome and the third strain had four potential matches with a 
PAM, three of which were perfect matches (Table 3.1). 
In Chapter 2 we investigated the role of CRISPR-Cas immunity in the 
susceptibility to viral infection in S. islandicus RJW002 (M.16.04 ΔpyrEF). This 
strain had one perfectly matching spacer against SSV9 in its A1 repeat-spacer array 
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(Figure 3.2). We demonstrated that in this strain, CRISPR immunity was able to clear 
the infection but cells entered a transient, dormant state for 24 to 48 hours post 
infection after which they recovered.  
To investigate how cells that evaded virus infection through CRISPR 
immunity compared to cells that were able to evade SSV9 through another 
mechanism, we allowed the 1% of surviving immune deficient cultures (ΔA1 and 
Δcas6) (Figure 3.3) to recover for 5 days and then cultures were plated to isolate 
colonies. Of the 117 Δcas6 colonies screened and amplified, < 1% amplified for 16S 
and not for SSV9 suggesting that most of the survivors were infected colonies. In the 
ΔA1 background from the 180 colonies screened, 20.1 % amplified for 16S and SSV9 
suggesting that the remaining 80 % were resistant. A random subset of 3 of the ΔA1 
resistant colonies were selected and verified for spacer addition in the A2 locus. 
Subsequent growth of susceptible-ancestor ΔA1 and resistant-candidate controls and 
SSV9-challenged liquid cultures was monitored at three days post infection. For two 
of the three colonies there was no difference in growth between the control and the 
challenged cultures (Table 3.2). These results suggested that these colonies could be 
resistant to SSV9 infection.  
One colony, ΔA1.F6, was selected for further studies and demonstrated to be 
resistant to SSV9 when challenged in liquid culture (Figure 3.4).  No virus was 
detected by standard plaque assays or by qPCR in these cultures. Furthermore, SSV9 
did not form a plaque on ΔA1.F6 like it did on its ancestor (ΔA1) or a transient 
plaque like it did on the immune cells.  In liquid medium this resistant strain did not 
display a lag in growth when challenged with SSV9, but grew like the uninfected 
control (Figure 3.4).  
Since mutant ΔA1.F6 did not display the dormancy phenotype observed in 
CRISPR immune cultures we report in Chapter 2 (Bautista et al. 2015), we imaged 
cells from the resistant culture under TEM at 48 hpi. Both immune and immune 
deficient cells showed the highest percentage of dormant cells that looked devoid of 
cellular contents as compared to the corresponding uninfected controls (Bautista et al. 
2015). The resistant mutant ΔA1.F6 did not display an altered morphology and 
looked similar to the uninfected controls (Figure 3.5). 
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Genome sequencing was performed to determine the cause of resistance to 
SSV9 in ΔA1.F6, revealing four mutations as compared to the immune deficient 
susceptible ancestor ΔA1 (Table 3.3). These included two base substitutions, a 44 bp 
duplication and a 6068 bp deletion. To determine the genetic basis of resistance, the 6 
kb deletion shown in Figure 3.6 was recreated in the ΔA1 background. The resulting 
clone (Δ6068) displayed resistance to SSV9 and the same growth phenotype observed 
in ΔA1.F6 (Figure 3.6). This 6 kb deletion also conferred resistance to a variety of 
viruses, including the unrelated virus SIRV suggesting that SIRVs and SSVs could 
share an attachment/entry mechanism into the host cells. Further characterization of 
this 6 kb locus is necessary to understand the mechanism of resistance. 
To compare the relative fitness of immune cells compared to resistant and 
immune deficient cells, we competed resistant strain ∆A1.F6 and immune deficient 
mutant ∆cas6 against RJW003 (M.16.04 ∆pyrEF ∆lacS), a marked immune strain, in 
co-culture for 72 hours, with and without initial SSV9 challenge. In controls without 
virus, RJW003 has similar fitness as the resistant (∆A1.F6) and immune deficient 
(∆cas6) strains (Figure 3.7). When challenged with virus, the immune strain RJW003 
has a fitness advantage over the immune deficient strain (Figure 3.7) with an 
advantage of 4.67 ± 0.03 natural logs over the ∆cas6 strain in 72 hours. tests confirm 
that virus was present through this time course.  When competed against the resistant 
strain (∆A1.F6) after viral challenge, the immune strain RJW003 is at a clear 
disadvantage (Figure 3.7). As shown in Figure 3.7, CFU/ml of the resistant strain 
increased significantly over the course of the competition while CFU/ml of the 
immune strain (RJW003) did not.  The selection rate constant (r) for this competition 
indicates that the immune strain had a disadvantage of 2.68 ± 1.47 natural logs over 
the resistant strain in 72 hours. If we express this as relative fitness (W), RJW003 has 
a relative fitness that is significantly lower than 1 (0.34 ± 0.17). Spot-on-lawn tests of 
co-culture supernatants revealed that there was no virus present at 72 hpi. In long 
term competitions (Figure 3.8) we observed that the resistant strain ∆A1.F6 still had 
an advantage over the immune strain at transfer 6. Interestingly in competitions with 
(Figure 3.8) and without (Figure 3.9) SSV9 challenge beyond 72 hours, immune 
deficient cells rose in frequency above the CRISPR immune cells. 
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Discussion 
 
We observed three types of strains coexisting in a single population, infected, 
immune and immune deficient.  In competition with the newly evolved resistant 
strains in the presence of SSV9, these strains represent an interesting fitness 
hierarchy. We isolated a resistant mutant from an immune deficient susceptible 
ancestor that had a 6068 bp deletion in its genome. We have demonstrated that this 
deletion is responsible for the resistance to infection and virus-induced dormancy by 
SSV9. This region is present in all S. islandicus and S. solfataricus strains but not in 
the other Sulfolobus species and encompasses 8 ORFs. Among these, M164_2742 
and M164_2746 (Figure 3.6) are 432 bp ORFs in opposite directions with 93 % 
sequence identity to each other. These ORFs have been found to be amongst the most 
highly transcribed ORFs in S. islandicus LAL14/1 (Quax et al. 2013), making them a 
potentially interesting candidates to be responsible for resistance. Further studies to 
narrow which of the ORFs in this 6 kb is responsible for the resistance phenotype and 
characterization of this ORF will lead to important insights that shed some light onto 
the virus entry mechanism in hyperthermophilic crenarchaea which, to date, have 
been understudied. 
Interestingly, competition assays between immune and immune deficient 
susceptible hosts revealed that susceptible cells, after decreasing in frequency, 
initially recovered and rose in frequency above the immune cells. In these cultures, 
virus could be readily detected at all the time points assayed supporting the fact that 
SSV9 was being actively produced in these cultures. These observations could be the 
result of different scenarios. A subpopulation of surviving cells to the initial viral 
challenge could have acquired a resistance mechanism that allowed them to rise in 
frequency and take over the population. These resistant cells could coexist with a 
subpopulation of survivors that could become chronically infected with SSV9 and 
constantly produce virus. This would trigger death due to prolonged dormancy in 
CRISPR immune cells as we have shown in Chapter 2 (Bautista et al. 2015) allowing 
the resistant cells that were not affected by the virus to rise in frequency.  
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Another intriguing possibility is that the susceptible cells that were rising in 
frequency in these competitions were not resistant to the virus but rather chronically 
infected by it. We have observed that cultures surviving the initial infection can be 
either resistant or infected. Furthermore in the colonies we screened, especially from 
the Δcas6 background, most colonies were infected. The ancestral virus that 
originally infected them no longer affects the colonies that carry and produce the 
virus. These infected, chronically producing cultures can outcompete the immune 
cultures even if they still have a CRISPR spacer match against the virus by 
maintaining constant levels of virus to keep the cultures in a prolonged dormancy 
state that will ultimately lead to cell death. Further experiments to quantify the 
number of infected versus resistant cells throughout the competitions must be 
performed to determine this.  
We observed an initial decrease in fitness cost associated with immunity 
relative to resistance in the laboratory.  This presents a paradox since our 
examinations of natural populations have uncovered a diversity of potentially active 
CRISPR systems (Held et al. 2010; Held and Whitaker 2009) and our experimental 
data shows little evidence for viral resistance in this population. If immune strains go 
dormant and die with virus presence, while resistant strains thrive, why do we not 
observe a high frequency of resistant strains in this population?  We suggest that in 
natural systems resistance must have a significant cost that we cannot detect in the 
laboratory.  The difference in essential functions between the laboratory and the 
environment may explain the difficulty in observing the acquisition of new spacer 
immunity in this and many other systems (Erdmann and Garrett 2012).  Traits that 
confer resistance such as deletion or alteration of particular transporters or surface 
proteins may easily be selected for in the laboratory where they confer no fitness 
advantage.  These populations rise in frequency and exclude cells that combat 
infection with costly CRISPR resistance so that these cells are difficult to isolate in 
the laboratory.  
The results shown here broaden our view of host–virus interactions in 
microbes. The difference in response between resistant and immune strains highlights 
the potential cost that cells experience with dormancy and CRISPR-Cas immunity or 
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any other viral defense that occurs within the cell that results in an intimate 
intracellular interaction with its viral pathogen.  We suggest that this type of 
intracellular arms race will select for viral traits that target or evade immunity 
(Bondy-Denomy et al. 2013), and/or viruses that replicate and are released from the 
cell rapidly, potentially pushing microbial pathogens toward the evolution of more 
rapacious or virulent phenotypes (Eshelman et al. 2010).  We note that SSV9 is the 
first SSV that has been described to induce cells to become inviable and speculate 
that this is a result of coevolution toward virulence to evade immunity.  In order to 
accurately model the impact of viruses on microbial ecology, a more nuanced view of 
virus-host interactions that includes the cost of CRISPR immunity and chronic 
infection must be considered.  Models considering the coevolutionary impacts of 
CRISPR-Cas immunity, especially compared to resistance, must be extended to 
include both the costs and benefits of the immune interaction. 
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Figures 
 
 
 
Figure 3.1 Different spot-on-lawn phenotypes observed when spotted with SSV9. Three different 
phenotypes were observed: R- Resistant, no detectable difference was observed where virus was 
spotted 24 or 48 hours after spotting. T- Transient growth inhibition was observed 24 hours after 
spotting. S – Susceptible, a clearing zone was formed. Scale bar 10 mm. 
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Figure 3.2 crRNA-protospacer alignments of significant (> 50 % spacer 5’ half and > 50 % of 
seed region) CRISPR matches against SSV9 with a PAM (protospacer adjacent motif). 
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Figure 3.3 1 % of survivors from immune deficient susceptible strains challenged with SSV9 
recover after 5 days post infection. 
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Figure 3.4 (A) Growth of resistant mutant ΔA1.F6 as compared to immune (RJW002) and 
immune deficient strains (ΔA1 and Δcas6) with and without viral challenge.  Three independent 
experiments showing growth of cultures challenged with SSV9 (solid lines) and controls without 
virus (dashed lines). Solid lines represent the average of at least two technical replicates within 
each experiment. Error bars ± 1 standard deviation (SD). (B) Quantification of newly synthesized 
SSV9 in RJW002 and CRISPR-Cas deletion mutants and ΔA1.F6 after 5 h challenge followed by 
washing of unadsorbed particles by qPCR of whole cultures (C) plaque assays of culture 
supernatants. Lines below dashed line indicate that no signal was detected at that time point. Error 
bars ± 1 SD (n =3).  (D) Viable counts of infected (+) and uninfected controls (-) of immune 
(RJW002), susceptible (Δcas6) and resistant (ΔA1.F6) cultures at different times post infection. 
Bars represent the average of at least three independent experiments. Error bars +/- 1 SD. Data for 
RJW002, ΔA1 and Δcas6 has been presented in Chapter 2 (Bautista et al. 2015). 
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Figure 3.5 Representative low magnification images of CRISPR immune (RJW002), susceptible 
(Δcas6) and resistant (ΔA1.F6) infected cultures at 48 hpi show dormant cells in both immune and 
susceptible cultures but no dormancy in the resistant mutant. Scale bar 1 µm. 
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Figure 3.6 6068 bp deletion confers resistance to SSV9 infection and virus-induced dormancy. 
Top panel shows the location of the 6068 bp deletion (yellow rectangle) on the genome of the 
ΔA1 and ΔA1.F6 ancestor M.16.4 (Reno et al. 2009).  ORFs are shown in grey. Blue ORFs 
represent two genes that are 93% identical to each other and are facing opposite directions.  
Bottom panel shows resistant strain ΔA1.F6 and recreated resistant strain Δ6068 grow like 
uninfected controls and supernatants do not produce a zone of clearing on Y.08.82.36 over the 
course of 5 days. 
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Figure 3.7 Fitness hierarchy of the immune deficient, immune and resistant strains. Average 
selection rates (r) and relative fitness (W) of CRISPR immune strain RJW003 relative to resistant 
strain ΔA1.F6, and immune deficient strain Δcas6. Graphs represent the average of three 
independent experiments. Selection rates (r) were calculated as the difference between the 
realized Malthusian parameter of RJW003 (mI) and ΔA1.F6 (mR) or Δcas6 (mS) after 72 h of 
direct competition. Relative fitness was calculated as the ratio of their Malthusian parameters 
instead of the difference. *W cannot be used when one or both populations are declining, and in 
this case immune deficient host population (Δcas6) is declining (Lenski 1998). Error bars show 
mean ± 1 SD (n = 3). 
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Figure 3.8 Long-term competition of marked immune strain RJW003 against susceptible strain 
ΔA1 and resistant strain ΔA1.F6. (A) Growth of mixed cultures over the course of the experiment. 
(B) Colony counts of the different cell types at transfer 3 and transfer 6 (highlighted in gray in A). 
Bars represent the average of three technical replicates. Error bars ± 1 SD. 
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Figure 3.9 Time course competition of marked immune strain RJW003 against susceptible strain 
Δcas6. Grey bars – RJW003, Blue bars - Δcas6. Bars represent the average of three technical 
replicates. Error bars ± 1 SD. 
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Tables 
 
 
Table 3.1 Summary of potential CRISPR matches against SSV9 in 12 Sulfolobus islandicus 
strains from Kamchatka, Russia and spot-on-lawn phenotypes. 
 
Strain 
name 
No. of potential 
matches* 
No. of potential 
matches* with PAM 
Spot-on-lawn 
phenotype** 
M.16.23 1 0 S/+ 
M.16.30 0 0 S/+++ 
M.16.40 1 0 S/+++ 
M.16.47 0 0 S/++ 
M.16.02 1 1 T 
M.16.04 1 1 a T 
M.16.13 1 1 a T 
M.16.27 3 1 a T 
M.16.46 3 1 a T 
M.16.12c 1 0  R 
M.16.22c 1 0  R 
M.16.43 4 4 b R 
    *Number of hits that match at least 50 % of the spacer and cover at least 50 % of the 5' end of 
spacer and the seed region. 
** Phenotypes described in Figure 3.1, S- Sensitive, T- Transient growth inhibition and R – 
Resistant. 
a 100 % match between spacer and protospacer through the length of the whole spacer. 
b 3 out of 4 matches are 100 % match between spacer and protospacer through the length of the 
whole spacer. 
c These strains have integrated SSV proviruses in their genomes. 
+ Small clearing (< 10mm), ++ medium clearing (10 to 20mm), large clearing (> 20mm). 
 
 
Table 3.2 Growth of potential SSV9 resistant colonies and SSV9 susceptible ancestor ΔA1 with 
and without SSV9 challenge. 
 
OD600 
 Initial 3 days post infection 
ΔA1 Control 0.03 0.52 
ΔA1 + SSV9 0.02 0.02 
ΔA1.F6 Control 0.03 0.56 
ΔA1.F6 + SSV9 0.03 0.55 
ΔA1.D11 Control 0.03 0.55 
ΔA1.D11 + SSV9 0.03 0.48 
ΔA1.B7 Control 0.02 0.52 
ΔA1.B7 + SSV9 0.03 0.53 
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Table 3.3 Mutations in resistant mutant ΔA1.F6 compared to its susceptible ancestor ΔA1. 
 
Position Mutation Description Gene Annotation 
616,743 C→T V293V (GTG→GTA) M164_0673 Hypothetical protein 
1,925,022 G→A L115F (CTT→TTT) M164_2103 DEAD/DEAH box helicase 
2,487,482 44 bp x 2 duplication M164_2678 Family 5 extracellular solute-binding protein 
2,548,410 Δ6,068 bp deletion [M164_2739]–[M164_2747] - 
 
 
 
 
 
Table 3.4 Susceptibility of resistant mutant ΔA1.F6, recreated strain Δ6068 and susceptible 
ancestors to a panel of viruses. 
 
 
SIRV3 SIRV5 SIRV6 SIRV7 SIRV8 SIRV9 SIRV10 SSV13 
RJW002 + + + + + + + T 
∆A1 + + + + + + + + 
∆cas6 + + + + + + + + 
∆A1.F6 - - - - - - - - 
∆6068 - - - - - - - - 
 
+ Denotes that a zone of clearing was formed. 
T Denotes the transient/dormancy plaque phenotype. 
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CHAPTER 4: COMPARATIVE GENOMICS OF SULFOLOBUS 
SPINDLE-SHAPED VIRUSES FROM KAMCHATKA (RUSSIA) 
AND YELLOWSTONE NATIONAL PARK (USA) 
 
Abstract 
 
 
Patterns of viral distribution and the mechanisms that drive host–virus 
coevolutionary interactions in natural populations are in a nascent stage of 
exploration yet are an essential element to environmental microbial ecology. In this 
chapter we focus on assessing the diversity of Sulfolobus spindle-shaped viruses 
(SSVs), members of the Fuselloviridae family that infect hyperthermophilic 
crenarchaea of the genus Sulfolobus. We isolated, characterized and sequenced the 
genomes of eight novel SSVs from Yellowstone National Park (USA) and 
Kamchatka (Russia). Comparative genomics of the newly isolated SSVs and 17 
publicly available SSV genomes from Iceland, Japan, Russia and North America 
revealed that SSVs share 13 core genes that represent approximately 40 % of the viral 
genome. Using core genome phylogenies we demonstrate that SSVs have a 
biogeographic distribution, though the variable gene content does not seem to follow 
this same pattern.  Although this biogeographic distribution was, for the most part 
supported by the signatures recorded in the sequences of the CRISPR-Cas adaptive 
immune system, immunity against these viruses was generally low suggesting that 
perhaps association with these elements could be beneficial. Many questions remain 
outstanding, but we have established these viruses in culture in the laboratory in a 
genetically tractable system that will allow us to further study these interactions. 
 
Introduction 
 
 
In the past few years a major effort has been made to isolate viruses from 
hyperthermophilic crenarchaea. Like their hosts, these viruses have adaptations to 
extreme environments, as demonstrated by their stability at extremely high 
temperatures and low pH (Prangishvili 2013). All viruses that have been isolated 
from such environments harbor double-stranded (ds) DNA genomes and display 
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highly diverse and complex morphotypes (Prangishvili et al. 2006; Ortmann et al. 
2006; Zillig et al. 1993; Zillig et al. 1996). Most commonly observed are viruses with 
an overall spindle-shaped morphology, either tail-less or tailed which taxonomically 
have been assigned to the viral family Fuselloviridae (Prangishvili 2013). We have 
found evidence for integration of these viruses in most of the Sulfolobus islandicus 
genomes and are therefore interested in knowing how the Fuselloviridae alter genome 
evolution in this species.  In particular, we are interested in how viral diversity and 
virus-host interactions are shaped by local adaptation in different geographically 
isolated populations and how this shapes local host populations. 
Sulfolobus spindle-shaped virus 1 (SSV1) is the type-virus of the 
Fuselloviridae family. SSV1 was originally isolated from a Sulfolobus shibatae strain 
from a hot spring in Beppu, Japan (Martin et al. 1984) since it could infect a virus-
free strain of a laboratory model system, Sulfolobus solfataricus. The genome is 
stably maintained in three different forms: The packaged viral genome (positively 
supercoiled), an episomal form (positively supercoiled, negatively supercoiled, or 
relaxed) and as a provirus. SSV codes for an integrase (from the tyrosine recombinase 
family) and inserts site-specifically into a tRNA (Wiedenheft et al. 2004; 
Muskhelishvili et al. 1993). Upon induction of the virus, both artificially with UV 
light or naturally, a strong replication of the virus occurs and virus particles are 
released into the culture media without apparent lysis of the cells (Contursi et al. 
2006; Stedman et al. 2003). It has recently been demonstrated that highly purified 
SSV1 particles carry host lipids (Quemin et al. 2015), which supports early electron 
microscopy observations (Martin et al. 1984) of virus budding out of the cell. 
SSVs have been isolated from acidic hot springs around the world as viral 
particles or integrated into S. islandicus genomes (Martin et al. 1984; Wiedenheft et 
al. 2004; Redder et al. 2009; Held and Whitaker 2009). The genomes of all 
Sulfolobus spp. harbor the sequence-specific CRISPR-Cas adaptive immune system 
(Barrangou et al. 2007;  Makarova et al. 2011), which prevent viral infection in S. 
islandicus (Bautista et al. 2015).  We have shown that one of these viruses from 
Kamchatka (SSV9) induces population wide dormancy in S. islandicus cultures 
(Bautista et al. 2015).  In the present study, we characterize eight novel SSVs from 
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Yellowstone National Park (USA) and the Mutnovsky Volcano (Russia).  In 
comparison to previously published integrated and free SSV sequences, we 
investigate the evolution of these viruses and signatures of local adaptation in host-
virus interactions among viral populations. 
 
Materials and Methods 
 
Environmental sampling 
One hundred and thirty-seven enrichment samples collected from 24 acidic 
hot springs in 7 different regions of Yellowstone National Park between June and 
September 2010 and from 5 different hot springs from the Mutnovsky volcano in 
Kamchatka, Russia in August 2010 were screened (Chapter 5, Table 5.1, Table 4.1). 
Fifty milliliters of each sample were filtered through a 0.22 µm PES filters 
(Millipore) and stored at 4 oC for transportation. The remaining unfiltered samples 
were transported at room temperature and used to establish enrichment cultures.  
 
Enrichment cultures of environmental samples 
Enrichment cultures (E1) were established by inoculating 19 ml of liquid 
dextrin-tryptone (DT) media at pH 3.5 (Whitaker et al. 2003) with 1 ml of the 
unfiltered environmental sample. Liquid cultures were grown aerobically in glass 
tubes, shaken at 78 °C and checked daily for up to 14 days. Fifteen milliliters of turbid 
enrichment samples were centrifuged for 20 min at 4000 rpm and the supernatant was 
collected and stored at 4 °C. A second enrichment (E2) was established by 
transferring 1 ml of E1 into 19 ml of fresh DT media and if turbid after up to 14 days 
of incubation, it was centrifuged as described above.  
 
Viral isolation and purification 
A set of 11 S. islandicus strains were selected to represent both space and time 
within Yellowstone National Park and Kamchatka are were used as bait hosts to 
screen for the presence of viruses in direct, filtered environmental samples and 
enrichment supernatants (Table 4.1). Ten microliters of each sample were spotted on 
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overlays of sucrose-yeast (SY) medium (Schleper et al. 1992) mixed with a 10-fold 
concentrated suspension of mid-log cells of each of the S. islandicus bait hosts and 
incubated at 78 °C as previously described (Bautista et al. 2015). Plates were 
monitored for the formation of clearing zones over the course of 5 days. Positive 
samples were selected for further purification on the host they infected best (Table 
4.2). Samples were serially diluted and plated on overlays of the bait host as 
previously described (Bautista et al. 2015) and incubated at 78 °C for up to 5 days.  If 
plaque formation was detected, an individual plaque was picked from the plate using 
a sterile needle and used to re-inoculate 2 ml of a mid-log culture of the bait host in 
DT media. The infected culture was incubated for 48 h and filtered through a 0.22 µm 
PES membrane filter (Millipore) to remove cells. The virus-containing filtrate was 
serially diluted and plated on the bait host and the plaque purification procedure was 
repeated a total of three times. Filtrates of purified plaques were visually screened by 
transmission electron microscopy (TEM) for the presence of a single virion 
morphotype. Stocks of purified virus were prepared by inoculating 500 ml of mid-log 
cells of each bait host with 1 ml of the plaque purified virus filtrates and at 48 hours 
post infection (hpi), were filtered through 0.22 µm PES membrane filters (Millipore) 
to remove cells, concentrated using Spin-X columns (molecular weight cutoff, 
30,000; Corning, Inc.) and stored at 4°C. 
 
DNA extraction  
One hundred-times-concentrated TE was added to 15 ml of concentrated virus 
sample to a final concentration of 1.4 X and mixed thoroughly. Samples were then 
nuclease (RNase and DNase) treated prior to nucleic acid extraction as previously 
described (Fulton et al. 2009). Proteinase K and SDS were added to a final 
concentration of 0.4 mg/ml and 0.1 % respectively and incubated for 1 h at 56 °C 
inverting the tubes every 10 min. Phenol extraction was performed twice using warm 
(60 °C) TE saturated phenol as previously described (Fulton et al. 2009) followed by 
an extraction with phenol/chloroform/iso-amyl alcohol (24:1) at room temperature. 
Two and a half volumes of ice cold ethanol and 1/50 volume of 7.5 M sodium acetate 
were added to the aqueous phase and incubated overnight at -20 °C and centrifuged 
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for 30 min at 8000 rpm. The resulting DNA pellet was resuspended in 1 X TE and 
desalted using QIAEX II (Quiagen) beads following manufacturer’s instructions. 
 
Genome sequencing and assembly 
Genomic libraries were prepared for all viruses using the NexteraXT kit 
(Illumina) following the manufacturer’s instructions. Libraries were pooled and 
sequenced using paired-end MiSeq version 2.5 by the W. M. Keck Center for 
Comparative and Functional Genomics at the University of Illinois at Urbana-
Champaign. Reads were quality filtered using the FASTX-Toolkit and adapters were 
trimmed using Cutadapt (Martin 2011). Assemblies were performed with Geneious 
version 9.1.2 (Kearse et al. 2012) using between 10 to 15 % of the raw reads, 
allowing gaps and using the average insert length obtained from the high sensitivity 
bioanalyzer results (Agilent Technologies Inc.) of the libraries. To assess variation, 
all reads were mapped onto the assembled consensus genome sequences using 
Geneious version 9.1.2 (Kearse et al. 2012) and sites where the percent identity of all 
mapped reads was below 90 % were noted. 
 
Comparative genomics and phylogenetic analysis 
ORFs in the newly assembled genomes were predicted using Glimmer3 
(Delcher et al. 2007). Homologous gene clusters were identified with OrthoMCL (Li 
et al. 2003) using default parameters and manually screened using All-Against-All 
BLAST to ensure that all matches within a cluster had a bit score/max bit score value 
of 0.3 or higher (Lerat et al. 2003). TBLASTN searches of the amino acid sequences 
in each cluster against a database with all SSV genomes were performed to find 
possible open reading frames (ORFs) that were missed or miscalled in the original 
genome annotations. Core gene clusters were translation-aligned using MUSCLE 
(Edgar 2004) and manually curated. Maximum likelihood phylogenies of a 
concatenated nucleotide alignment of 12 core genes were calculated with MEGA 
version 6.06 using the best fit model as chosen by Akaike Information Criterion 
(AIC) (Tamura et al. 2013). The integrase was not included because it has been 
reported to form clades according to tRNA integration site, rather than based on viral 
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common ancestry (Held and Whitaker 2009). To determine if the SSV variable gene 
content had a similar biogeographic pattern to the core genes, maximum parsimony 
trees were constructed using PAUP version 4.0b10 based on the presence/absence of 
each of the variable genes.  
 
Analysis of CRISPR spacer matches 
4,187 CRISPR spacers from all publicly available S. islandicus genomes  
(M.16.4 [NC_012726.1], M.16.40 [NZ_AHJQ00000000.1], LAL14/1 
[NC_021058.1], REY15A [NC_017276.1], HVE10/4 NC_017275.1], Y.G.57.14 
[NC_012622.1], Y.N.15.51 [NC_012623.1], L.D.8.5 [NC_013769.1], L.S.2.15 
[NC_012589.1], M.16.2 [NZ_AHJK00000000.1], M.16.12 [NZ_AHJL00000000.1], 
M.16.22 [NZ_AHJN00000000.1], M.14.25 [NC_012588.1], M.16.27 
[NC_012632.1], M.16.46 [NZ_AHJS00000000.1], M.16.13 [NZ_AHJM00000000.1], 
M.16.47 [NZ_AHJT00000000.1], M.16.23 [NZ_AHJO00000000.1], M.16.30 
[NZ_AHJP00000000.1], M.16.43 [NZ_AHJR00000000.1]) and contigs from 
unpublished draft genomes from three Yellowstone National Park S. islandicus 
strains (Y08.82.36, NL13.C01.02, NL01.B.C01.24) were extracted using 
CRISPRfinder (Grissa et al. 2007) and oriented based on the repeat sequence flanking 
the spacer.  In-house software was used to assess CRISPR spacer matches of host 
strains against SSVs taking into account the percentage of the entire spacer matched, 
the percentage of the 5’ half, the seed region of spacer matched, and the presence of a 
protospacer associated motif  (PAM) (Manica et al. 2013). To assess the 
biogeography of CRISPR spacers and account for the variation of SSV and spacer 
sequences from each location, the total length (bp) of spacer matches with more than 
50 % were normalized by the total length of virus DNA from each geographic region 
and by the total number of spacers from each region in the database. 
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Results 
 
SSV isolation and morphology 
From the 137 samples screened from 7 different regions of Yellowstone 
National Park and 20 samples from 6 springs in the Mutnovsky Volcano in 
Kamchatka, we isolated 8 SSVs using samples from Norris Geyser Basin and the 
Mutnovsky Volcano (Table 4.1). These viruses were plaque purified in S. islandicus 
hosts from these two geographic locations (Table 4.2).  All the viruses display the 
spindle-shaped morphology that has been previously described for this family of 
viruses (Figure 4.1) (Martin et al. 1984; Redder et al. 2009; Wiedenheft et al. 2004).  
SSV particles were pleomorphic, between 90 to 100 nm long and 30 to 40 nm wide 
(Figure 4.1 and Figure 4.2). Particles were found aggregated in rosettes of 3 or more 
particles. In one instance, we observed an aggregate of more than 40 particles (Figure 
4.2). We designated these new viruses SSV10 to SSV17. 
 
Genome assembly and variation 
All the genomes of the purified SSVs assembled into circular contigs between 
15,088 kb and 18,546 kb (Table 4.3) and the G + C content of the genomes was 
between 37 to 40 % (Table 4.3).  For SSV11, we recovered two circular contigs, one 
of 17,757 bp and one of 6,786 bp with very high coverage (Table 4.3).  We named 
this satellite element pSSV11.  Other satellites such as pSSVx have been previously 
described to be packaged with other SSVs (Wang et al. 2007).   
We mapped the high number of reads obtained for each virus onto the 
assembled contigs in order to investigate the presence of any low abundance variants 
in the population. The inner ring in Figure 4.3 shows positions in which the 
nucleotide identity of the reads mapped on to that position was below 90%. We 
observe that all sequenced SSVs exhibit some degree of polymorphic sites. SSV12 
and SSV10 display a high number of polymorphic sites in different regions of the 
genome (Figure 4.3).  
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 Comparative genomics of Sulfolobus spindle-shaped viruses 
We performed comparative genomics of 25 SSVs including our isolates, the 
publicly available SSV viral and proviral sequences (Redder et al. 2009; Wiedenheft 
et al. 2004; Held and Whitaker 2009; Palm et al. 1991; Stedman et al. 2003) and a 
provirus that was found integrated in isolate Y.08.82.35 from Yellowstone National 
Park, which was isolated from the same sample as strain Y.08.82.36 (Table 4.2). Our 
analysis yielded 87 homologous gene clusters of which 13 (40% of each genome) 
were core genes shared by all SSVs (Table 4.4). Among the core genes were the 
capsid proteins VP1 and VP3, the tail fiber protein VP4 and an integrase. Other 
proteins shared by all SSVs include a Dna A-like protein and a protein with a DNA-
binding domain (Table 4.4).  For clusters 4, 6, 7, 8 and 12 we found no conserved 
domains or predicted functions using CD-search. Cluster 9 had a specific hit to an 
arsenical resistance-like repressor protein. These are proteins that have a DNA 
binding domain and are often in transcriptional regulators of metal resistance operons 
that seem to dissociate from the DNA in the presence of metal ions. These 13 core 
proteins are also present in ASV1, a member of the Fuselloviridae family that infects 
Acidianus sp. Core genes of SSVs from Yellowstone and Kamchatka display a highly 
conserved genome architecture with core genes clustered together towards one side of 
the genome except for ORF B-129, which is located opposite to the rest of the core 
genes (Figure 4.3). Yellowstone isolates SSV10 and SSV11 have an insertion of three 
non-core genes between ORF B-251 and the integrase (Figure 4.3). The element 
pSSV11 was found to have an integrase that clustered with all of the other integrases 
and also a copy of ORF B-129. We found 116 variable genes that were either unique 
to a single SSV or shared by some but not all SSVs.  
 
Biogeography of SSV core and variable genes 
Figure 4.4 shows a maximum likelihood phylogeny of a concatenated 
nucleotide alignment of 12 core genes for all 25 SSVs in which strains cluster by 
geographic location with significant bootstrap support (100%). This supports previous 
studies done using a set of 9 SSV sequences (Held and Whitaker 2009), mostly 
proviral sequences found integrated in S. islandicus genomes. To determine if SSVs 
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shared more variable genes with local SSVs, maximum parsimony trees were 
constructed based on presence/absence of each of the variable genes shared by two or 
more isolates. The relationships between strains based on shared gene content were 
somewhat different from those seen with the core genes (Figure 4.5). Although some 
strains, like SSV5, SSV4 and SSV3 from Iceland, did group with other SSVs from 
the same geographic location, others grouped with geographically distant SSVs. For 
example, SSV (Y.08.82.35) from Yellowstone National Park shared more variable 
genes with SSV7 from Iceland and SSV12 and SSV17 from Kamchatka. These 
results might be an indication that there is sufficient gene flow between 
geographically distant populations to introduce novel genes that could confer SSV 
with an advantage in the coevolutionary race with its host. However further analyses 
comparing the sequences of members of each cluster will reveal if these cluster by 
geographic location. 
 
Host-virus interactions recorded in the of S. islandicus CRISPR repeat spacer arrays  
To further test for biogeographic patterns we looked at the record of host-virus 
interactions recorded in the CRISPR-Cas adaptive immune system (Makarova et al. 
2015). We compared the number and quality of spacer matches from strains isolated 
from different geographic locations against all 25 SSVs and pSSV11. Because our 
largest pool of spacers and viruses was from Kamchatka, we normalized the spacer 
matches by taking the total length (bp) of spacer matches > 50 % identity over the 
entire spacer divided by total length of virus DNA or “matchable DNA” from each 
geographic region and by the total number of spacers from each region in the 
database.  Figure 4.6 shows that for Iceland and Kamchatka there were more CRISPR 
spacer matches to local viruses and that these matches had higher percent ID than 
matches to foreign viruses. We did not observe this pattern in Lassen (USA) or 
Yellowstone where we saw that there were more high percent ID matches of 
Kamchatka spacers against these viruses. By looking at the percent of unique spacer 
matches by the total number of spacers from each geographic region in the database, 
we observed a clear signal from Kamchatka and Iceland. 
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Discussion 
 
 
SSV1 was the first crenarchaeal virus to be studied in detail. As in other 
biological systems, the study of this virus led to a better understanding of the 
molecular mechanisms governing hyperthermophilic crenarchaea. We have isolated 
and characterized 8 additional SSVs and, in comparison to previously published SSV 
sequences, have identified biogeographic isolation and shared pan-genome content 
among these model crenarchaeal viruses.  These data lay the groundwork for further 
work to characterize the diversity of host-virus interactions and local adaptation 
occurring in different populations. 
Our results show that the core genome of SSVs consists of 13 genes that 
represent approximately 40% of the viral genome, are syntenous in these 8 isolates 
and have a biogeographic distribution.  These core genes, with the exception of ORF 
B-129, are clustered together on one side of the genome.  Although these core genes 
include structural proteins such as the capsid proteins, the tail fiber proteins and the 
integrase, the majority of these ORFs remain uncharacterized. These core proteins are 
highly conserved, even with ASV1, a fusellovirus that infects the crenarchaeal 
species Acidianus sp. This suggests that these genes are very important for viral 
replication and elucidating their role could shed light on the infection mechanism of 
this virus including the mechanism of entry and release from the host and 
maintenance of chronic infection. 
This biogeographic structure of the core genes was supported by the CRISPR 
spacer matches of local hosts to local viruses both in Kamchatka and in Iceland. The 
lack of a biogeographic signal in the CRISPR matches in Yellowstone and Lassen 
could be due to the lack of biogeographic distribution of the variable genes for viruses 
isolated from these two locations.  Interestingly we observed that there were overall 
very few matches (> 50 % ID) against SSVs in any of the populations, especially in 
Kamchatka, where only 2.48 % of all spacers in the database matched any of the 
Kamchatka SSVs even though these viruses are highly prevalent in the region. 
Although we have observed that SSVs can kill 99 % of susceptible hosts, 1 % of 
infected cells have been observed to recover and carry the virus, which can 
	   70	  
subsequently be used as a weapon to kill uninfected hosts in the population. Previous 
students in the laboratory have observed a high prevalence of SSV infected S. 
islandicus cells in different hot springs supporting this hypothesis that SSVs might 
confer a competitive advantage. Maintaining CRISPR immunity against these viruses 
might be deleterious, thus explaining the low prevalence of spacers against SSVs.  
Due to our very high genome coverage we were able to uncover minority 
variants that exist in the population. Although these viruses were plaque purified 
three times, we observed that there was variation in the viruses, especially in two of 
our isolates, SSV10 and SSV12.  These two isolates came from Yellowstone and 
Kamchatka respectively and were isolated in two different hosts. Why these isolates 
are highly variable in some regions of their genome and how this variation affects the 
interaction with their hosts remains to be determined in future studies. 
SSVs have been isolated in many hot springs around the world where their 
hosts S. islandicus have been found, and therefore represent an important 
evolutionary force shaping local populations. We have established the core genome of 
this virus and established it has a biogeographic structure, yet there are many 
outstanding questions that remain unanswered about these viruses. What is the 
function of the core genes with unassigned function? What genes are responsible for 
triggering the virus induced dormancy response observed with SSV9? Are they 
present in SSVs from different populations? We provide a set of 8 fully sequenced 
viruses established in culture in a diverse set of hosts to further pursue these questions 
in the laboratory. 
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Figures 
 
 
 
Figure 4.1 Electron micrographs of SSVs from Kamchatka (green) and Yellowstone National 
Park (blue) stained with 2 % uranyl acetate. Scale bar 100 nm. 
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Figure 4.2 Electron micrograph of SSV17 stained with 2 % uranyl acetate. Scale bar 100 nm. 
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Figure 4.3 Genome maps of the 8 SSVs isolated and purified from Yellowstone National Park 
(USA) and the Kamchatka Peninsula (Russia). Genes shown in color represent core genes. 
Variable genes are shown in gray. Middle ring indicates CRISPR spacer matches with > 50 % ID 
from Iceland (yellow), Lassen (pink), Kamchatka (green) and Yellowstone (purple). Inner ring 
represents polymorphic positions in the genome where the % identity of all reads mapped was 
below 90 %. 
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Figure 4.3 (cont.) 
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Figure 4.3 (cont.) 
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Figure 4.4 Maximum likelihood phylogeny of a concatenated nucleotide alignment of 12 SSV 
core genes shows grouping of strains by geographic location. Numbers at nodes indicate bootstrap 
values out of 1000 replicates. Scale bars represent substitutions per site. Bolded SSVs denote 
strains isolated in this study. Asterisks (*) indicate proviral sequences. 
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Figure 4.5 50 % majority-rule consensus tree obtained from maximum parsimony analysis of 
presence/absence of variable genes. Numbers at nodes indicate bootstrap values out of 1000 
replicates.  
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Figure 4.6 (A) CRISPR spacer matches against local and foreign viruses expressed as the total 
length (bp) of spacer matched with more than 50 % ID divided by the total length of virus DNA 
or “matchable DNA” from each geographic region and by the total number of spacers from each 
region in the database. (B) % of unique spacer matches from the total number of spacers from 
each geographic region in the database. 
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Tables 
 
Table 4.1 Environmental sample collection. 
 
 
 
Table 4.2 Bait host panel for sample screening and virus isolation and purification. 
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Table 4.3 Length, coverage and GC content of sequenced SSVs. 
 
 
Table 4.4 SSV core gene clusters. 
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CHAPTER 5: POPULATION STRUCTURE AND DIVERSITY OF 
SULFOLOBUS ISLANDICUS ROD-SHAPED VIRUSES FROM 
YELLOWSTONE NATIONAL PARK 
 
Abstract 
 
In the past decade, molecular surveys of viral diversity have revealed that 
viruses are the most diverse and abundant biological entities on earth. In culture 
however, most viral isolates that infect bacteria and archaea are represented by one or 
few variants isolated on type strains.  This results in a limited ability to study how 
natural variants affect virus-host interactions in the laboratory. We have characterized 
and sequenced the genome of eight SIRVs (Sulfolobus islandicus rod-shaped virus) 
that infect the hyperthermophilic crenarchaeon Sulfolobus islandicus from two 
different regions within Yellowstone National Park. Comparative genomics revealed 
that all SIRV sequenced isolates share 30 core genes that represent 50-60% of the 
genome. Whole genome phylogenies together with signatures of host-virus 
interactions recorded on the CRISPR repeat-spacer arrays of all sequenced S. 
islandicus strain and distribution of variable genes revealed that SIRVs have a 
biogeographic distribution on both the global and local scales. Our studies revealed 
64 variable gene clusters that are shared by some but not all viral isolates. Together 
with the lack of signatures of diversifying selection on core genes, this suggests that 
these variable genes are important drivers of the host-virus coevolutionary race. This 
also highlights the importance of studying viral variable genes that probably comprise 
a large portion of the “viral dark matter”. 
 
Introduction 
 
The discovery of diverse and novel viruses that infect bacteria (Reyes et al. 
2012; Rodriguez-Valera et al. 2014; Rohwer and Thurber 2009) and archaea 
(Prangishvili 2013; Ortmann et al. 2006; Prangishvili et al. 2006) has revived interest 
in viruses of microbes. No longer viewed only as the tools of molecular biology 
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(Crick et al. 1961; Hershey and Chase 1952), viruses are now recognized to play key 
roles in the environment as drivers of evolution and population structure (Brum and 
Sullivan 2015; Rodriguez-Valera et al. 2009; Rohwer et al. 2009). For the most part, 
like bacteria and archaea, different viruses are represented by one or two variants 
isolated on a single host. This poses a bottleneck in studying and understanding the 
vast and uncharacterized viral diversity uncovered by metagenomics, or “viral dark 
matter”, or predicting their impact in the environment.  
Studying host-virus interactions in acidic hot springs offers an excellent 
system because these are low-complexity environments where viruses are the only 
known predator. Furthermore, in the past few decades, a great effort has been made to 
study and characterize the viruses that infect the crenarchaeal species that inhabit 
these types of hot springs (for review see [Pina et al. 2011; Prangishvili 2013; 
Ortmann et al. 2006]), uncovering novel genes (Quax et al. 2010), unusual and 
exceptional virion morphotypes (Rachel et al. 2002), and unique virion egress 
mechanisms (Quax et al. 2011; Brumfield et al. 2009).  
SIRVs were among the first viruses to challenge the notion that most 
crenarchaeal viruses exist only in a non-lytic, carrier state (Prangishvili et al. 2013), 
making them a excellent target to study how lytic viruses shape natural microbial 
communities. SIRVs belong to the Rudiviridae family and to date, only two SIRV 
isolates from Iceland, SIRV1 and SIRV2, have been characterized (Prangishvili et al. 
1999; Prangishvili et al. 2013; Peng et al. 2001; Oke et al. 2011; Guillière et al. 2009) 
and established as a model system for studying host-virus interactions (Guo et al. 
2015; Peng et al. 2001; Deng et al. 2014). The virions of SIRV2, the type member of 
the family, are non-enveloped, stiff rods that measure approximately 23 nm x 900 nm 
(Prangishvili et al. 2013). These viruses have linear, double-stranded DNA (dsDNA) 
genomes, do not integrate into the host chromosome and, like some bacterial spores, 
package A-form DNA, which could play a role in stabilizing DNA in harsh 
environmental conditions typical to acidic hot springs (DiMaio et al. 2015). Detailed 
investigation of its life cycle revealed that SIRV2 induces massive degradation of the 
host chromosome and causes the formation of seven-fold symmetrical pyramid-like 
structures on the cell membrane that disrupt the host’s S-layer and open up at the end 
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of the infection, lysing the cell and releasing new virions (Quax et al. 2011; Daum et 
al. 2014). 
Moreover, the genomes of all Sulfolobus spp. wild isolates harbor the 
sequence specific CRISPR-Cas adaptive immune system (Barrangou et al. 2007;  
Makarova et al. 2011) that has been demonstrated to prevent viral infection in S. 
islandicus (Bautista et al. 2015), adding a new dimension to understanding virus-host 
interactions in these environments. Signatures of host-virus interactions recorded in 
the CRISPR repeat-spacer arrays of S. islandicus genomes from Russia and North 
America revealed that in North American populations, spacers matching SIRVs were 
the most prevalent, suggesting an ongoing coevolutionary arms race with local viral 
populations (Held and Whitaker 2009). Yet the diversity and distribution of SIRVs 
has only been assessed using PCR surveys of viral coat protein sequences (Snyder et 
al. 2007), and through metagenomic sequencing (Menzel et al. 2015). 
To better understand host-virus coevolutionary dynamics, here we seek to 
augment our current knowledge about SIRV diversity in natural environments.  We 
isolate and characterize 8 novel SIRVs from different regions within Yellowstone 
National Park and investigate their host range and biogeographic distribution using 
comparative genomics and the coevolutionary signatures recorded in the CRISPR-
Cas repeat spacer arrays of S. islandicus hosts. 
 
Materials and Methods 
 
Environmental sampling 
Liquid samples were collected from 22 acidic hot springs in 7 different 
regions of Yellowstone National Park, United States between June and September 
2010 and from 5 different hot springs from the Mutnovsky volcano in Kamchatka, 
Russia in August 2010 (Table 5.1). Fifty-milliliters of each sample were filtered 
through a 0.22 µm PES filters (Millipore) and stored at 4 oC for transportation. The 
remaining unfiltered samples were transported at room temperature and used to 
establish enrichment cultures.  
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Enrichment cultures of environmental samples 
Enrichment cultures (E1) were established by inoculating 19 ml of liquid 
dextrin-tryptone (DT) medium at pH 3.5 (Whitaker et al. 2003) with 1 ml of the 
unfiltered environmental sample. Liquid cultures were grown aerobically in glass 
tubes and shaken at 78 °C and checked daily for up to 14 days. Fifteen-milliliters of 
turbid enrichment samples were centrifuged for 20 min at 4000 rpm and the 
supernatant was collected and stored at 4 °C. A second enrichment (E2) was 
established by transferring 1 ml of E1 into 19 ml of fresh DT medium and, if turbid 
after up to 14 days of incubation, was centrifuged as described above.  
 
Viral isolation and purification 
A set of 11 S. islandicus strains were selected to represent both space and time 
within Yellowstone National Park and Kamchatka and were used as bait hosts to 
screen for the presence of viruses in direct, filtered, environmental samples and 
enrichment supernatants. Ten microliters of each sample were spotted on overlays of 
sucrose-yeast (SY) medium (Schleper et al. 1992), mixed with a 10-fold concentrated 
suspension of mid-log cells of each of the 11 bait hosts, and incubated at 78 °C as 
previously described (Bautista et al. 2015). Plates were monitored for the formation 
of clearing zones over the course of 5 days. Positive samples were selected for further 
purification on the host they infected best (Table 5.2). Samples were serially diluted 
and plated on overlays of the bait host as previously described (Bautista et al. 2015) 
and incubated at 78°C for up to 5 days.  If plaque formation was detected, an 
individual plaque was picked from the plate using a sterile needle and used to re-
inoculate 2 ml of a mid-log culture of the bait host in DT medium. The infected 
culture was incubated for 48 h and filtered through a 0.22 µm PES membrane filter 
(Millipore) to remove cells. The virus containing filtrate was serially diluted and 
plated on the bait host and the plaque purification procedure was repeated a total of 3 
times. Filtrates of purified plaques were visually screened by transmission electron 
microscopy (TEM) for the presence of a single virion morphotype. Stocks of purified 
virus were prepared by inoculating 500 ml of mid-log cells of each bait host with 1 ml 
of the plaque purified virus filtrates and at 48 hours post infection (hpi), were filtered 
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through a 0.22 µm PES membrane filter (Millipore) to remove cells, concentrated 
using Spin-X columns (molecular weight cutoff, 30,000; Corning, Inc.) and stored at 
4°C. 
 
Virus quantification and cross-infection assays 
Cultures were started from frozen stocks in 2 ml of liquid DT medium for 
each of the S. islandicus host strains. When cultures turned cloudy they were 
transferred into 20 ml of DT medium in tissue culture flasks (BD Falcon, USA) and 
incubated without shaking. For each culture approximately 3 X 108 cells were 
collected from mid-log cultures by low speed centrifugation, resuspended in 500 µl of 
DT medium, mixed with 100 µl of each dilution (100 - 10-10) and plated on overlays 
of sucrose-yeast (SY) medium containing 0.1 % yeast extract and 0.2 % sucrose as 
previously described (Schleper et al. 1992) to determine viral titers. Dilutions were 
performed and plated in triplicate for each sample. SIRV stocks were diluted to 
1x107, 1x106 and 1x104 PFU/ml and lawns of host cells were spotted with 10 µl of 
each of the virus dilutions and incubated at 78 °C. Lawns were monitored every 24 h 
for 5 days. All SIRVs were spotted on their susceptible isolation host as a positive 
control of infection. Three independent virus dilutions from the same original stock 
were spotted on three independent host cultures. 
 
DNA extraction  
One hundred-times concentrated TE was added to 15 ml of concentrated virus 
sample to a final concentration of 1.4 X and mixed thoroughly. Samples were then 
nuclease (RNase and DNase) treated prior to nucleic acid extraction as previously 
described (Fulton et al. 2009). Proteinase K and SDS were added to a final 
concentration of 0.4 mg/ml and 0.1 % respectively and incubated for 1 h at 56 °C, 
inverting the tubes every 10 min. Phenol extraction was performed twice using warm 
(60 °C) TE saturated phenol as previously described (Fulton et al. 2009) followed by 
an extraction with phenol/chloroform/iso-amyl alcohol (24:1) at room temperature. 
Two and a half volumes of ice cold ethanol and 1/50 volume of 7.5 M sodium acetate 
were added to the aqueous phase and incubated overnight at -20 °C and centrifuged 
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for 30 min at 8000 rpm. DNA pellets were resuspended in 1 X TE and desalted using 
QIAEX II (Quiagen) beads following the manufacturer’s instructions. 
 
Genome sequencing and assembly 
Genomic libraries were prepared for all viruses using the NexteraXT kit 
(Illumina) following the manufacturer’s instructions. Libraries were pooled and 
sequenced using paired-end MiSeq version 2.5 by the W. M. Keck Center for 
Comparative and Functional Genomics at the University of Illinois at Urbana-
Champaign. Reads were quality filtered using the FASTX-Toolkit and adapters were 
trimmed using Cutadapt (Martin 2011). Assemblies were performed with Geneious 
version 7.0 yielding near complete sequences excluding the terminal inverted repeats. 
Paired-end reads and average insert length obtained from the high sensitivity 
bioanalyzer results (Agilent Technologies Inc.) of the NexteraXT libraries were used 
to enhance assemblies. Raw reads were also assembled using A5-miseq (Coil et al. 
Darling 2014).  
 
Comparative genomics and phylogenetic analysis of SIRVs 
 Open reading frames (ORFs) in the newly assembled genomes and the 
publicly available genomes of SIRV1 (NC_004087.1) and SIRV2 (NC_004086.1) 
were predicted using Prodigal v2.6.1 (Hyatt et al. 2010). Homologous gene clusters 
were identified with OrthoMCL (Li et al. 2003) using default parameters and 
manually screened using all-against-all BLAST to ensure that all matches within a 
cluster had a bit score/max bit score value of 0.3 or higher (Lerat et al. 2003). 
TBLASTN searches of the amino acid sequences in each cluster against a database 
with all SIRV genomes were performed to find possible ORFs that were missed or 
miscalled in the original genome annotations. Core and variable gene clusters with 5 
or more members were translation aligned using MUSCLE (Edgar 2004) and 
manually curated. Maximum likelihood phylogenies of individual core and variable 
gene clusters and a concatenated nucleotide alignment of the 30 core genes was 
calculated with MEGA version 6.06 using the best fit model as chosen by Akaike 
Information Criterion  (AIC) (Tamura et al. 2013) with 1000 bootstrap replicates.  
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Phylogenetic analyses of S. islandicus strains 
 Twelve MLSA loci (MobA, NiTra, IsoL, PAcyl, FePer, OCycl, BGlu, Heli, 
NuTrs, PeProt, SeBin and ADehy) previously selected from S. islandicus core genes 
(Held et al. 2010) to be evenly distributed around the genome and maximize the 
number of SNPs in the Mutnovsky population. The allele from S. islandicus M.16.27 
for each of these loci was used to search for the corresponding allele in the published 
S. islandicus genomes (Cadillo-Quiroz et al. 2012; Reno et al. 2009) and in the draft 
genome assemblies of Y.08.82.36 and the SSV9 host strain using BLASTN (e<1E-5). 
Nucleotide sequences were aligned using T-coffee (Tommaso et al. 2011) and 
manually inspected. Phylogenies of a concatenated nucleotide alignment of the 12 
MLSA loci were inferred under maximum likelihood as described above. 
 
Host variation 
Homologs of cluster sso3138-sso3141 and cluster sso2386-sso2387, encoding 
cell surface and type IV secretion proteins implicated in rudivirus entry in S. 
solfataricus (Deng et al. 2014) were found in all S. islandicus genomes using 
BLASTN. Each gene was translation-aligned using MUSCLE (Edgar 2004), 
manually curated and maximum likelihood phylogenies were constructed as 
described above. 
 
Analysis of CRISPR spacer matches 
4187 CRISPR spacers from published S. islandicus genomes  (M.16.4 
[NC_012726.1], M.16.40 [NZ_AHJQ00000000.1], LAL14/1 [NC_021058.1], 
REY15A [NC_017276.1], HVE10/4 NC_017275.1], Y.G.57.14 [NC_012622.1], 
Y.N.15.51 [NC_012623.1], L.D.8.5 [NC_013769.1], L.S.2.15 [NC_012589.1], 
M.16.2 [NZ_AHJK00000000.1], M.16.12 [NZ_AHJL00000000.1], M.16.22 
[NZ_AHJN00000000.1], M.14.25 [NC_012588.1], M.16.27 [NC_012632.1], 
M.16.46 [NZ_AHJS00000000.1], M.16.13 [NZ_AHJM00000000.1], M.16.47 
[NZ_AHJT00000000.1], M.16.23 [NZ_AHJO00000000.1], M.16.30 
[NZ_AHJP00000000.1], M.16.43 [NZ_AHJR00000000.1]) and contigs from 
unpublished draft genomes from three Yellowstone National Park S. islandicus 
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strains (Y08.82.36, NL13.C01.02, NL01.B.C01.24) were extracted using 
CRISPRfinder (Grissa et al. 2007) and oriented based on the repeat sequence flanking 
the spacer. In–house software was used to assess CRISPR spacer matches of host 
strains against SIRVs taking into account different parameters that have been 
previously shown to be important for CRISPR immunity in Sulfolobus such as 
percentage of the entire spacer matched, percentage of the 5’ half and seed region of 
spacer matched, and presence of a protospacer associated motif (PAM) (Manica et al. 
2013). 
 
Results 
 
Sampling 
A total of 137 enrichment samples from 24 springs in 7 different regions of 
Yellowstone National Park collected between June and September 2010 and 20 
samples from 6 springs in the Mutnovsky Volcano in Kamchatka, Russia were 
screened on a panel of diverse S. islandicus hosts (Table 5.1).  A total of 8 Sulfolobus 
islandicus rod-shaped viruses were successfully isolated and purified from samples 
from Norris Geyser Basin and Nymph Lake where 90% of the samples in 
Yellowstone National Park were collected. Kamchatka samples yielded no 
rudiviruses. 
 
SIRV isolation and structure 
All SIRVs were plaque purified three times on the S. islandicus strain they 
initially formed a zone of clearing on (Table 5.2) and further characterized. Plaque 
morphology of these viruses was clear and uniform.  The virus particles for all 
purified SIRVs constitute flexible rods 879 (± 59) nm long and 22 (± 3) nm wide, and 
they display short tail fibers as previously described (Prangishvili et al. 1999) (Figure 
5.1). We have designated these new viruses SIRV3 through SIRV10. 
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Comparative genomics of Sulfolobus islandicus rod-shaped viruses  
core genome 
The average genome size was 35,101bp (±1242) with between 49 and 61 
ORFS predicted for each of the genomes and an average G + C content of 26.5% (± 
0.6) (Table 5.3). Ninety-four homologous gene clusters from the genomes of 8 
Yellowstone National Park SIRVs in addition to the previously described SIRV1 and 
SIRV2 from Iceland were identified. Thirty of these clusters are core (shared among 
all strains) and represent between 50-60% of the ORFs in each genome (Figure 5.2). 
Among these core genes are the major capsid protein (Szymczyna et al. 2009), three 
structural proteins (Vestergaard et al. 2008; Krupovic et al. 2012) and the protein 
responsible for the formation of pyramid-like structures that allow virion release upon 
infection (Quax et al. 2011; Snyder et al. 2011) (Figure 5.2, Table 5.4). Other 
proteins important for replication initiation (Oke et al. 2011) and transcriptional 
regulation (Guillière et al. 2009) are part of the core genome. Of the core proteins, 
eight clusters (c22, c23, c24, c26, c27, c28, c29 and c30) match sequences in S. 
islandicus genomes. These sequences include glycosyltransferases, 
methyltransferases, a tRNA-guanine transglycosilase and DNA replication proteins 
(Table 5.4). The ratio of nonsynonymous to synonymous variation (Pn/Ps) within the 
30 SIRV core clusters (Table 5.5) shows that all 30 clusters are under relaxed 
purifying selection (Pn/Ps < 1).   
The majority of core genes including all structural proteins, the major capsid 
protein, glycosyltransferases and methyltranserases are clustered towards the central 
region of the genome and are syntenous in all 10 SIRVs (Figure 5.2). The remaining 
core genes are syntenous in all Yellowstone SIRVs, but are rearranged as compared 
to the Icelandic SIRVs (Figure 5.2). Homologues to some of these core proteins have 
been reported in other rudiviruses, in some lipothrixiviruses and in Sulfolobus 
tengchongensis spindle-shaped virus (Table 5.4) (Krupovic et al. 2012; Vestergaard 
et al. 2008; Guillière et al. 2009; Szymczyna et al. 2009; Prangishvili et al. 2013).  
Figure 5.2 shows a maximum likelihood phylogeny of a concatenated 
nucleotide alignment of the 30 core SIRV genes where strains cluster by geographic 
location with significant bootstrap support (100%). Yellowstone strains not only 
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cluster by the region within Yellowstone but also by the spring they were isolated 
from within each region. The majority (19/30) of maximum likelihood phylogenies 
for each individual core cluster supports this grouping by geographic location 
(Yellowstone and Iceland) (Figure 5.3). Some core genes show incongruent 
topologies (Figure 5.4) with significant bootstrap support suggesting there is 
recombination between viruses from different hot springs and different regions within 
Yellowstone. For core cluster 3 and cluster 5 some of the Yellowstone isolates were 
more closely related to Iceland isolates than to other Yellowstone isolates (Figure 
5.4). We did not observe any relationship between the location in the genome and the 
genes that showed incongruent topologies, these were distributed throughout the 
genome. 
Our data supports that the differences we observe between clades result from 
evolutionary history of isolation of the viruses and not from isolation host range or 
time of isolation. SIRV8, SIRV9 and SIRV10 were all isolated using the same host 
M.16.4 (Table 5.6) yet SIRV3, SIRV5, SIRV6 and SIRV7 all infect M.16.4. SIRV6 
and SIRV3 were both isolated on Y.08.82.36, a host isolated from the Norris Geyser 
Basin region of Yellowstone, yet they group by location and neither groups with the 
Norris Geyser Basin isolates.  We can also observe that the viruses do not group by 
the date the sample was collected (Table 5.6) as SIRV6 and SIRV3 come from 
samples collected on the same day, as do SIRV5 and SIRV10, yet they cluster by 
geographic location. 
 
Variable genome 
Variable genes for all SIRV isolates were generally clustered towards the 
periphery of the genome. Variable genes include a DNA binding protein (Krupovic et 
al. 2012; Oke et al. 2011) and a dUTPase (Vestergaard et al. 2008), yet the majority 
of variable genes have no significant matches to other proteins or known protein 
domains in the databases (Table 5.7). 
Variable genes of SIRV (Figure 5.5) also display a biogeographic distribution, 
where more closely related strains share more of their variable gene content. SIRV1 
and SIRV2 share 11 genes that are absent from the Yellowstone SIRVs and SIRV2 
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has an additional set of 11 genes that are not shared with any other SIRV. Thirty-six 
of the variable genes present in Yellowstone SIRVs are absent from both of the 
Icelandic isolates. Within Yellowstone, SIRVs that are from the same hot spring share 
more of their variable genes (Figure 5.5). Three variable gene clusters are exclusive 
to Nymph Lake isolates, and two are unique for all Norris Geyser Basin isolates. 
Eight clusters are shared only among isolates that were isolated from the same hot 
spring. Not only the presence/absence of these variable genes is shared among 
isolates from the same geographic location but also their location and organization in 
the genome (Figure 5.6). Grouping by geographic location is supported by 
phylogenetic analyses of variable clusters with five or more sequences (Figure 5.7) 
where there is significant bootstrap support.  
 
Host-virus interactions recorded in the S. islandicus CRISPR repeat spacer arrays  
To further test SIRV biogeographic patterns, we looked at the record of host-
virus interactions recorded in the CRISPR-Cas adaptive immune system, which is 
present in all Sulfolobus islandicus strains sequenced to date and has been 
demonstrated to confer immunity against natural viral infection in this species 
(Bautista et al. 2015). To study biogeographic patterns we looked at the nucleotide 
identity of the spacer matches to the SIRVs and we used this as a measure of 
divergence of the virus fragment recorded in the CRISPR array and the sequenced 
virus as has been previously described (Held and Whitaker 2009). All spacers were 
compared to the SIRV genomes and matches with more than 50% sequence identity 
to the entire spacer are shown (Figure 5.8). Figure 5.8 shows that spacers match with 
higher percent identity to local as compared to foreign viruses, supporting that S. 
islandicus hosts have interacted with viruses that are more closely related to local 
virus populations. On average 22.2% (± 6.1) of spacers from Yellowstone strains 
matched SIRVs with more than 50% sequence ID of the entire spacer. Although the 
smallest pool of spacers in our database was from Lassen National Park, on average 
8.77 % (± 1.1) of the spacers sampled matched the SIRVs with more than 50 % ID. 
On the contrary, only 0.56 % of the spacers from Kamchatka that correspond to more 
than 50 % of the spacers in our database matched SIRV genomes from Yellowstone 
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or Iceland with >50% sequence identity. To further investigate this, we examined a 
set of spacers that were PCR amplified and sequenced from Kamchatka S. islandicus 
isolates (Held et al. 2010), excluding those already in our previous database, to find 
that only 3.2 % of the spacers matched any SIRV with more than 50% ID of the entire 
spacer. 
Although on average 41.3 % (± 1.3) of core, 36.7 % (± 1.9) of variable and 
58.9 % (± 2.4) of non-coding SIRV base pairs are matched, the distribution of spacers 
with significant matches (> 50 % of the entire spacer) show that more spacers from 
our database match core genes (66.7 ± 2.0 %) than they do variable genes (12.0 ± 6.5 
%) or non-coding regions (21.3 % ± 6.4). 
 
Host range of SIRVs  
Lawns of S. islandicus strains from different geographic locations were 
spotted with 10 µl the 8 isolated SIRVs at 3 different concentrations: high (1x107 
PFU/ml), medium (1x106 PFU/ml) and low (1x104 PFU/ml) and monitored for the 
appearance of clearing zones for 5 days. In–house software was used to assess 
CRISPR spacer matches of host strains against SIRVs.  
 Figure 5.9 shows the differences among host populations isolated from 
different locations.  Strains from Kamchatka for the most part lack high identity 
CRISPR spacers to any of the SIRV strains with or without a PAM. Among these 
strains that lack immunity, Kamchatka strains were susceptible to five of the SIRV 
strains (SIRV5, SIRV6, SIRV7, SIRV9 and SIRV10) and mostly resistant to the other 
three SIRVs (SIRV3, SIRV4 and SIRV8). Figure 5.9 illustrates that these infection 
patterns are not correlated with phylogeny of the viral core genes or the genes present 
in these strains and therefore are likely host-derived traits.  In Yellowstone, Lassen 
and Iceland strains there is greater potential for immunity with CRISPR spacers > 
50% ID and containing a PAM (Table 5.8). This is correlated to an overall lower 
infectivity of these viruses in these strains (Figure 5.9). Strain Y.08.82.36 does not 
appear to contain significant CRISPR matches to five of the SIRVs (SIRV5, SIRV6, 
SIRV8, SIRV9 and SIRV10). It is not infected by three of these strains (SIRV5, 
SIRV9, and SIRV10) except at the highest titer challenge. This suggests that other 
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forms of resistance outside of immunity occur in this strain.  Six virus-host pairs that 
should have immunity formed plaques, even at the low titer challenge, showing 
potential for anti-CRISPR activity (Y.08.82.36:SIRV3, L.D.8.5:SIRV4, 
LAL1/14:SIRV9 and LAL14/1-L.S.2.15:SIRV6 and 10). Again, the viruses that can 
potentially evade immunity do not share a phylogenetic affiliation or a clustered set 
of variable genes.  They may therefore be related to a specific host immune targeting 
system or other host factors.  
 To further investigate the susceptibility patterns of these hosts to SIRV 
infection, we compared two gene loci than encode for cell surface proteins and type 
IV secretion proteins in Sulfolobus solfataricus that have been implicated in 
resistance to SIRV (Deng et al. 2014) in this species. Phylogenetic analyses of these 
genes in our panel of S. islandicus hosts show clustering by geographic location 
(Figure 5.10) rather than any correlation to the SIRV infectivity patterns observed. 
The ratio of nonsynonymous to synonymous variation (Pn/Ps) within these genes 
(Table 5.9) shows that these genes are under relaxed purifying selection (Pn/Ps<1) 
and very conserved even within strains from different geographic locations.  
 
Discussion 
 
In the past few years great efforts using different approaches have been made 
to understand the viral dark matter (Roux et al. 2015). One approach to this 
conundrum is to establish virus host-pairs in culture in order to study the function of 
all these unknown genes and understand how these affect virus fitness. We have 
isolated and characterized 8 novel SIRVs from Yellowstone National Park and 
established them in culture in a genetically tractable system thus augmenting the 
toolbox to understand host-virus coevolutionary dynamics in the environment and 
study them in the laboratory.  
Although no genomic synteny was previously observed between members of 
the Rudiviridae (Krupovic et al. 2011), comparisons between members of the same 
virus type had not been possible due to the small sample size. Comparison of all 10 
SIRVs in this study showed synteny for more than 50% of the core genes around the 
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structural proteins (Figure 5.2). Our results support previous observations that 
rudiviruses accumulate variable and unique genes, the majority of which have 
unknown function, at their termini and have their core genes clustered towards the 
center of the genome (Vestergaard et al. 2008) as has been observed in the eukaryotic 
poxviruses (Lefkowitz et al. 2006). We observed that core genes are under relaxed 
purifying selection (Pn/Ps <1). Selection is thus acting against deleterious 
nonsynonymous substitutions suggesting that these genes are important for the virus 
life cycle and do not appear to be under diversifying selection. This might be 
expected for viral proteins that interact with host cells. We therefore predict that their 
variable gene content governs the coevolutionary arms race between SIRVs and their 
hosts. These variable genes have been shown to be acquired through recombination 
with other viruses, but also from their hosts (Peng et al. 2001) and might be carrying 
diverse genetic functions that allow the viruses to overcome their hosts’ defenses.   
Our results show that Sulfolobus islandicus rod-shaped viruses have a 
biogeographic distribution at a global and local scale within Yellowstone National 
Park. This biogeographic pattern is consistent with what has been observed in S. 
islandicus populations around the world (Reno et al. 2009; Whitaker et al. 2003) and 
Sulfolobus-spindle shaped viruses (Held and Whitaker 2009). Our findings do not 
support previous studies based on the sequence of the coat protein (cluster 9) that 
found no biogeographic pattern of SIRVs within Yellowstone National Park (Snyder 
et al. 2007) illustrating how one gene is not sufficient to resolve viral spatial 
structure. This biogeographic distribution was supported by the variable gene content, 
where more variable genes are shared between strains from the same location. This is 
different to what has been previously observed with Sulfolobus spindle-shaped 
viruses, where the core genome displays a biogeographic distribution but the variable 
component of the genome is not associated with local populations (Held and 
Whitaker 2009). To further evaluate this observation, SIRVs from more distant 
locations need to be sampled. 
The biogeographic pattern observed by the core genes and the distribution of 
variable genes is supported by the signatures of host-virus interactions recorded in the 
CRISPR spacers of S. islandicus strains. 28.8 % of the spacers from Yellowstone S. 
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islandicus strains match SIRV genomes from Yellowstone with more than 50 % 
identity of the entire spacer. A similar pattern was observed with Iceland spacers and 
SIRVs (Figure 5.8). However only 0.56 % of the spacers from Kamchatka had 
significant matches to SIRV sequences even though we had the largest set of spacers 
to sample from this population. Interestingly, these few matches do not cluster in the 
conserved core proteins, suggesting that SIRVs from Kamchatka, if present, are very 
divergent from those present in Yellowstone and Iceland. An alternative hypothesis is 
that these viruses are not predominant predators in the Kamchatka populations 
sampled. This is supported by the fact that we were unable to isolate this type of virus 
from samples collected from this region.  
Kamchatka strains show resistance (not immunity) to three of the eight SIRVs 
tested, suggesting that although they do not encounter SIRV, they have evolved 
resistance to it or to a related virus that infects using the same mechanism. We 
examined the only two known loci that have been shown in S. solfataricus to render 
the cells resistant to SIRV2 infection upon inactivation (Deng et al. 2014). In the 20 
S. islandicus hosts examined, these genes were present and appear to be under relaxed 
purifying selection (Table 5.9), contrary to what would be expected for host loci that 
are determining susceptibility to viruses. These genes cluster broadly by geographic 
location (Figure 5.10), which does not explain the susceptibility patterns observed. 
Interestingly, Kamchatka strains M.16.12, M.16.22 and M.14.25 have full length 
Sulfolobus spindle-shaped viruses integrated in their genomes, and these three strains 
were resistant (no clearing zones were formed) to all SIRVs, even at high titer. These 
observations suggest the possibility of a viral interference mechanism in this system. 
Whether this mechanism acts at the level of blocking the entry of the SIRVs or 
resembles a mutual exclusion mechanism, where both viruses exist inside the cell but 
only one is able to replicate, remains to be determined (Wagner 1960).  Further 
studies to determine the attachment and entry mechanism of SIRVs are needed to 
understand the factors playing a role in SIRV resistance. 
Host-virus interactions in natural environments are a multifactorial process 
and we need to tease apart how these different factors might contribute to the 
observed patterns. CRISPR immunity against SIRVs in Kamchatka was very low and 
	   97	  
is probably not a determinant of the susceptibility patterns observed. In Yellowstone, 
Lassen and Iceland, where CRISPR hits were abundant, we observed that in many 
instances the presence of one or more CRISPR spacer matches resulted in no 
infection, or infection only at high titer, which might be overwhelming the CRISPR 
system. However, there are few exceptions where we have one or more perfect spacer 
matches with a PAM and multiple imperfect matches to the virus where we would 
predict that the strain would be immune, yet the strain was still susceptible. The 
viruses that can evade immunity do not share a phylogenetic affiliation or clustered 
set of variable genes and therefore may be related to specific host immune system 
targeting or other host factors such as faulty or inactivated cas genes. Another 
possibility is that SIRVs carry anti-CRISPR proteins such as those described for 
bacteriophages that infect Pseudomonas aeruginosa (Bondy-Denomy et al. 2013; 
Bondy-Denomy et al. 2015). These anti-CRISPR proteins could be interfering with 
specific proteins of the CRISPR systems in these strains, that although they belong to 
the same Types (Type I and Type III), are highly diverse (Held et al. 2013) within 
these strains and carry different gene cassettes. 
Over the past few decades our understanding of the breadth of viral diversity 
has been challenged with the development of culture-independent sequencing 
technologies. As the amount of sequence data accumulates at exponential rates in the 
databases, most of these sequences do not resemble anything in the databases. Our 
efforts to decipher this vast amount of “viral dark matter” are hindered by the few 
type host-virus pairs that are studied in the laboratory. We have isolated eight diverse 
Sulfolobus islandicus rod-shaped viruses from Yellowstone National Park. These 
viruses share a set of 30 core genes with previously characterized SIRV1 and SIRV2 
isolates, yet they comprise a larger set of 64 variable genes clusters that are not shared 
among all isolates. Investigating and understanding the role of viral variable genes in 
the interaction with their hosts will shed light on “viral dark matter” which is 
probably composed in great part of these diverse and abundant variable genes.  
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Figures 
 
Figure 5.1 Electron micrographs of SIRVs stained with 2% uranyl acetate. Scale bar 100nm. 
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Figure 5.1 (cont.) 
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Figure 5.3 Maximum likelihood phylogenies of individual SIRV core genes that support 
biogeographic distribution. Numbers at branches indicate bootstrap support values from 
maximum likelihood as a percent of 100 replicates. Scale bar represents substitutions per site.  
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Figure 5.3 (cont.) 
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Figure 5.3 (cont.) 
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Figure 5.4 Maximum likelihood phylogenies of individual SIRV core genes with incongruent 
topologies. Numbers at branches indicate bootstrap support values from maximum likelihood as a 
percent of 100 replicates. Scale bar represents substitutions per site.  
  
 
 
	   105	  
 
Figure 5.4 (cont.) 
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Figure 5.7 Maximum likelihood phylogenies of individual SIRV variable genes with 5 or more 
representatives. Numbers at branches indicate bootstrap support values from maximum likelihood 
as a percent of 100 replicates. Scale bar represents substitutions per site.  
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Figure 5.7 (cont.) 
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Figure 5.7 (cont.) 
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Figure 5.8 CRISPR spacer matches of spacers from S. islandicus strains from different 
geographical locations to SIRVs from Yellowstone and Iceland. Only matches with >50 % 
identity are shown. Diameter of circles indicates the number of matches at that % identity. 
Smallest circle represents one match, largest circle represents 48 matches. 
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Figure 5.10 Maximum likelihood phylogenies of genes implicated in SIRV resistance in S. 
solfataricus. Numbers at branches indicate bootstrap support values from maximum likelihood as 
a percent of 100 replicates. Scale bar represents substitutions per site.  
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Table 5.3 Length, coverage, GC content and spacer match coverage of SIRVs. 
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Table 5.5 Estimates of synonymous vs. non-synonymous substitutions and evolutionary 
divergence between sequences of each of the 30 SIRV core clusters. 
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Table 5.6 Date, location, and isolation host of SIRVs and infectivity on a panel of S. islandicus. 
 
NL (Nymph Lake), NG (Norris Geyser). Numbers denote different springs. 
 
 
 
 
Table 5.7 SIRV variable gene clusters with known function or matches on the databases. 
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Table 5.8 CRISPR spacer matches against Yellowstone SIRVs. 
 
 
Numbers denote the number of spacers that fit the criteria. 
Matches with > 50 % ID do not include the 100 % ID matches in column above. 
 
 
Table 5.9 Estimates of synonymous versus non-synonymous substitutions and evolutionary 
divergence between 20 S. islandicus sequences of two loci implicated in SIRV resistance in S. 
solfataricus. 
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CHAPTER 6: CONCLUSIONS 
 
  “Any educated layman knows that evolution is what distinguishes the living 
world from the inanimate. If one’s representation of reality takes evolution to be 
irrelevant to understanding biology, then it is one’s representation, not evolution, 
whose relevance should be questioned!“ 
 Carl R. Woese 2004 
 
In this dissertation we have explored and augmented our knowledge of one of 
the most pervasive evolutionary forces on our planet: viruses. Viruses are far more 
than just pathogens: they are drivers of evolutionary innovation in all domains of life. 
We study coevolutionary interactions using the microbe Sulfolobus islandicus and the 
viruses that infect this host because evolution can be observed in real time in a system 
that is experimentally tractable. Chapter 2 of this dissertation aimed to explore the 
interaction of wild isolate S. islandicus M.16.4 from Kamchatka, Russia with the 
local virus SSV9 in the context of the microbial CRISPR-Cas immune system. First, 
we demonstrated that this immune system is active against a naturally occurring virus 
in this species, but most importantly we uncovered a virus-induced dormancy 
response that had not been reported in other microbial systems to date. In Chapter 3 
we investigated how CRISPR immunity and dormancy in this system compare to 
other resistance mechanisms in terms of fitness and uncovered that resistant cells 
which also resist the dormancy phenotype are more fit than CRISPR immune cells 
when challenged with virus in co-culture under laboratory conditions. However our 
data suggest that survivors of viral challenge that get chronically infected with SSV9 
become “weaponized” and can outcompete CRISPR immune cells in co-culture thus 
illustrating the complexities of host-virus interactions.  In Chapters 4 and 5 we 
assessed the natural variation and distribution of two of the most common viral types 
that infect S. islandicus: Sulfolobus spindle-shaped viruses (SSVs) and Sulfolobus 
islandicus rod-shaped viruses (SIRVs). We isolated, characterized through TEM and 
performed genome sequencing of eight of each of these virus types from Kamchatka 
(Russia) and Yellowstone National Park (USA). We demonstrated that both viruses 
display a biogeographic distribution of their core genes supported by the signatures of 
host-virus interactions recorded in the CRISPR spacer arrays of S. islandicus. 
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Nevertheless there was much lower overall significant (> 50 % ID matches) CRISPR 
immunity against SSVs in Kamchatka (only 4.05 % of Kamchatka spacers match 
Kamchatka SSV with more than 50 % ID) where these viruses are very prevalent. In 
Yellowstone where SIRVs are more prevalent, 28.8 % of spacers from this region 
matched Yellowstone SIRVs with more than 50 % ID. This highlights how these two 
viral types are interacting differently with their hosts. SIRVs are lytic and immunity 
against these viruses is desirable. On the other hand, although SSVs can potentially 
trigger virus induced dormancy, we have observed that harboring an SSV provirus 
can be advantageous for the host and therefore overall immunity against these viruses 
is low. The work presented in this dissertation established an experimental system of 
wild viruses and hosts laying the groundwork for future studies aimed to understand 
the factors that define coevolutionary dynamics between hosts and viruses in natural 
populations. 
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